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ABSTRACT 
A test bed was fabricated under National Aeronautics and Space Administration/ 
I *  
Marshall Space Flight Center (NASA-MSFC) Contract NAS8-36418 to demonstrate 
hydrogen/oxygen propul sion technology readiness for the i ni ti a1 operating con- 
figuration (IOC) space station application. The test bed propulsion module 
I and computer control system were delivered in December 1985, but activation 
was delayed until mid-1986 while the propulsion system baseline for the 
station was reexamined. 
thruster modules supplied with gas produced by electrolysis of waste water 
from the space shuttle and space station. As a result, an electrolysis module 
was designed, fabricated, and added to the test bed to provide an end-to-end 
simulation of the baseline system. 
pulsion and electrolysis modules provided an end-to-end demonstration of the 
complete space station propulsion system, including thruster hot firings using 
A new baseline was selected with hydrogen/oxygen 
Subsequent testing of the test bed pro- 
the oxygen and hydrogen genera 
omous control and operation of 
control system designed and de 
The technical readiness of the 
ed from electrolysis o f  water. 
all test bed components by the microprocessor 
ivered during the program was demonstrated. 
system is now firmly established. 
Complete auton- 
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1.0 INTRODUCTION AND SUMMARY 
The Space S t a t i o n  Propuls ion Technology Program, NAS8-36418, was awarded t o  
* 
the Rocketdyne D i v i s i o n  o f  Rockwell I n t e r n a t i o n a l  i n  May 1985. 
The o b j e c t i v e s  o f  t h i s  program were t o  ( 1 )  p rov ide  a demonstrat ion o f  hydro- 
gen/oxygen propu ls ion  technology readiness f o r  the  I O C  space s t a t i o n  appl ica-  
t i o n ,  speci f i  c a l  l y  gaseous hydrogen/oxygen and warm hydrogen t h r u s t e r  con- 
cepts, and (2) e s t a b l i s h  a means f o r  evo lv ing  from t h e  I O C  space s t a t i o n  
propu ls ion  sys tem (SSPS) t o  t h a t  requ i red  t o  support  and i n t e r f a c e  w i t h  ad- 
vanced s t a t i o n  func t ions .  These o b j e c t i v e s  were met by per forming a n a l y t i c a l  
s tud ies  and by f u r n i s h i n g  a p ropu ls ion  t e s t  bed t o  MSFC f o r  t e s t i n g .  
The program was organized i n t o  s i x  tasks.  I n  Task I, candidate I O C  SSPS con- 
cept d e f i n i t i o n ,  a range o f  design concepts f o r  t h e  IOC SSPS were synthesized 
and evaluated. The most a t t r a c t i v e  candidates were c a r r i e d  i n t o  a more de- 
t a i l e d  conceptual design. I n  Task 11, SSPS t e s t  bed design and f a b r i c a t i o n ,  
t h e  propu ls ion  t e s t  bed was designed, fabr ica ted ,  and d e l i v e r e d  t o  MSFC w i t h  
associated t e s t  p lans and documentation. A c o n t r a c t  change t o  modify an 
e x i s t i n g  02/H2 t h r u s t e r  f o r  t e s t  bed opera t ion  a t  a mix tu re  r a t i o  o f  8 : l  
was added t o  t h i s  e f f o r t .  I n  Task 111, advanced SSPS concept d e f i n i t i o n ,  
e v o l u t i o n a r y  growth concepts were t o  be synthesized and evaluated. I n  Tasks 
I V ,  V, and V I ,  Rocketdyne was t o  prov ide ongoing support  t o  t h e  t e s t  program 
c a r r i e d  o u t  by MSFC and conduct con f igura t ion  updates as needed t o  demonstrate 
e v o l u t i o n a r y  growth concepts. 
The program was i n i t i a t e d  on 24 May 1985 and proceeded on t h e  o r i g i n a l  p lan  
u n t i l  January 1986. A t  t h a t  t i m e ,  dec is ions being made on t h e  Phase B space 
s t a t i o n  program caused a change i n  emphasis and a funding h i a t u s .  By January 
1986 t h e  propu ls ion  module and microprocessor c o n t r o l l e r  had been d e l i v e r e d  t o  
MSFC and prepara t ion  f o r  f a b r i c a t i n g  the  p r o p e l l a n t  storage module a t  super- 
c r i t i c a l  pressures was under way. 
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A rev i sed  s tudy p lan  was submit ted i n  June 1986 t h a t  addressed the  change i n  
d i r e c t i o n  f rom us ing  s u p e r c r i t i c a l  p r o p e l l a n t  storage a t  I O C  t o  gaseous pro- 
pe l  l a n t  s torage and water e l  e c t r o l y s i  s. 
f a b r i c a t i o n  and t e s t  support  tasks toward the  water e l  e c t r o l y s i  s approach. 
S p e c i f i c a l l y ,  re furb ishment  t o  a s u b c r i t i c a l  c o n f i g u r a t i o n  was rep laced w i t h  
p repara t ion ,  checkout, and i n t e g r a t i o n  o f  components needed t o  demonstrate 
water e l  e c t r o l y s i  s, opera t ion  o f  mal n th rus te rs ,  c o n d i t i o n  moni t o r i  ng, and use 
o f  waste gases w i t h  r e s i  s t o j e t s .  
The r e v i  sed p lan  r e d i r e c t e d  remai n i  ng 
Dur ing August 1986 the  design and f a b r i c a t i o n  o f  a t h r u s t e r  measurement sys tem 
was added t o  the  e f f o r t .  
The p ropu ls ion  module consis ted o f  p r o p e l l a n t  accumulators, va lv ing ,  i n s t r u -  
mentation, and c o n t r o l s  conf igured  i n  a 9 - f t  cube s t r u c t u r e  designed t o  f i t  
I n t o  the  MSFC a l t i t u d e  chamber a t  Test Stand 300. This  c o n f i g u r a t i o n  was t o  
s imu la te  a bas ic  b u i l d i n g  b lock  s t r u c t u r a l  element of the  space s t a t i o n .  This 
c o n f i g u r a t i o n  permi ts  mounting o f  var ious  types o f  supply modules on top  o f  
t he  bas ic  propul  s ion/accumulator module. 
The microprocessor-based c o n t r o l  sys tem could c o n t r o l  the  e n t i r e  t e s t  sequence 
autonomously. S i x t y - fou r  end devices cou ld  be c o n t r o l l e d  and monitored and 48 
t ransducer  da ta  channels cou ld  be monitored f o r  use as r e d l i n e s  o r  "go-nogo" 
checks. A remote te rmina l  loca ted  a t  the  Rocketdyne Canoga Park, C a l i f o r n i a  
f a c i l i t y  was connected t o  the  system v i a  modems so t h a t  t h e  system sof tware 
could be mod i f ied  and checked whenever requ i red .  This  sys tem d isp layed 24 
channels o f  reduced da ta  updated on a one-second t i m e  bas is ,  and da ta  could 
a l s o  be d isp layed on the  Rocketdyne remote te rmina l  du r ing  t e s t  operat ions.  
An e l e c t r o l y s i s  module was designed and fabr ica ted  a t  Rocketdyne t o  f i t  on top 
o f  t he  e x i s t i n g  t e s t  bed propu ls ion  module cube. Components tes ted  on the  
module inc luded Arde s t e e l  tanks, S t r u c t u r a l  Composites I n c .  ( S C I )  g raph i te  
wrapped tanks, a L i f e  Systems I n c .  (LSI)  e l e c t r o l y s i s  u n i t ,  and a Hamil ton 
Standard (HSD) e l  e c t r o l y s i  s u n i t .  The module inc luded can1 s t e r s  t o  conta in  
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each o f  t he  water e l e c t r o l y s i s  u n i t s  no t  designed t o  be operable i n  a vacuum. 
Molecular-s ieve dryers  designed by Boeing and f a b r i c a t e d  a t  MSFC and mois ture 
analyzers supp l ied  by Mar t i n  were  a l s o  inc luded on the  module. 
@ 
The p ropu ls ion  module acceptance t e s t  blowdowns were conducted i n  October and 
e a r l y  November 1986. The sequence was designed t o  s imu la te  t h r u s t e r  and 
r e s i s t o j e t  f i r i n g  by b leed ing  the  gas through dump valves.  Since the  o r i g i n a l  
design was f o r  a 4 : l  m ix tu re  r a t i o  t h r u s t e r ,  t he  acceptance t e s t s  w e r e  per- 
formed a t  those cond i t ions .  Successful system opera t ion  was achieved i nc l  ud- 
i n g  complete autonomous opera t ion  by the  stand-alone c o n t r o l  system. 
Fo l low ing  the  acceptance t e s t  completion, the  Rocketdyne 25-1 b f  p ro to type 
t h r u s t e r  (F igure  1-1) was i n s t a l l e d  i n  the t e s t  bed. Minor mod i f i ca t i ons  were  
made t o  the  t e s t  bed plumbing t o  run  the  t h r u s t e r  a t  t he  new design p o i n t  o f  
8 : l  m ix tu re  r a t i o .  A s e r i e s  o f  t e s t s  were  conducted on the  sys tem i n  December 
1986, cu lmina t ing  w i t h  the  t h r u s t e r  f i r i n g  f o r  291 s ,  t he  oxygen tank maximum 
dura t i on  a t  these cond i t ions .  
A f t e r  complet ion o f  design, f a b r i c a t i o n ,  and d e l i v e r y  t o  MSFC o f  t he  e l e c t r o l -  
ysi s module components from January through June 1987, the  e l  e c t r o l y s i  s sys tem 
t e s t i n g  began i n  e a r l y  J u l y  1987. A complete LSI 350-psia e l e c t r o l y s i s  sys tem 
checkout t e s t  i n c l u d i n g  opera t ion  o f  t he  dryers was performed. The LSI 350- 
p s i g  e l e c t r o l y s i s  t e s t  was begun i n  l a t e  Ju l y .  The t e s t s  were  terminated when 
system pressures dropped sharp ly ,  i n d i c a t i n g  leakage i n  t h e  gaseous hydrogen 
system. Subsequent checks revea led  a mal funct ion i n  t h e  e l  e c t r o l y s i  s uni t 
caused by erroneous pressures app l i ed  t o  purge po in ts .  The t e s t  was consid- 
ered a q u a l i f i e d  success i n  t h a t  gas was produced and d e l i v e r e d  t o  the  storage 
tanks a t  up t o  160 p s i g  under automatic con t ro l  p r i o r  t o  the  mal func t ion .  The 
LSI u n i t  was damaged by the  e r r o r  and removed f o r  r e p a i r s .  
The HSD 1,000-psi e l e c t r o l y s i s  u n i t  checkout t e s t  was success fu l l y  conducted 
i n  l a t e  October 1987. The t e s t  s e r i e s  was s t a r t e d  on November 1 6  and was com- 
p l e t e d  success fu l l y  w i t h  a 175 s f i r i n g  of the  25-lbf t h r u s t e r  on December 1 
us ing  the  gases generated by the  e l e c t r o l y s i s  u n i t .  
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F igure  1-1. Rocketdyne Prototype 8: l  Thruster  
P r i o r  t o  and f o l l o w i n g  complet ion o f  t he  HSD e l e c t r o l y s i s  t e s t s ,  t e s t s  w e r e  
conducted on f l i g h t - t y p e  t h r u s t e r s  represent ing  updated vers ions o f  the  pro to-  
type t h r u s t e r .  These t h r u s t e r s  were f a b r i c a t e d  by Rocketdyne f o r  NASA Lewis 
Research Center (LeRC) and the  program i s  d e t a i l e d  i n  Reference 1. Up t o  14 
t e s t s  per  day were r o u t i n e l y  performed s imu la t i ng  m u l t i p l e  f i r i n g s  o f  the  sys- 
tem.  Tests o f  advanced sys tem and i g n i t e r  designs were a l s o  conducted. 
A t o t a l  o f  186 t e s t s  were  conducted w i t h  the  space s t a t i o n  p ropu ls ion  t e s t  bed 
from October 1986 through March 1988. The t e s t s  evaluated the  t e s t  bed pro- 
pu l s ion  module ( i n c l u d i n g  the  gas accumulator system),  the  water e l e c t r o l y s i s  
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ORIGINAL PAGE 
BfAM AND WHITE PHOTOGRAPH 
system, the 25-lbf thruster, and the ignition system. Advanced injector and 
ignition system designs were also tested. The integrated microprocessor 
computer controller was used throughout to command, control and monitor all 
the tests. A summary of all tests performed on the test bed is presented in 
Appendix 6. 
@ 
Following completion of the thruster tests, the test bed was removed from the 
vacuum chamber and stored. 
The tests provided an evaluation of a simulated SSPS with all major hardware 
components and control systems represented. Test data are directly applicable 
to the future design and development of the flight propulsion system. Suc- 
cessful operation of the end-to-end SSPS was demonstrated. 
5769K/1 jm 
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m 2.0 PROPULSION CONCEPT DEFINITION 
The program's i n i t i a l  task  o b j e c t i v e  was d e f i n i n g  the  p ropu ls ion  s y s t e m  con- 
cept  f o r  t he  f l i g h t  c o n f i g u r a t i o n  t o  guide t e s t  bed design and t e s t i n g .  As  
i l l u s t r a t e d  i n  F igure  2-1, t h i s  study assumed the  reference power tower space 
s t a t i o n  c o n f i g u r a t i o n  and the  reference four l o c a t i o n  p ropu ls ion  system. The 
e l e c t r i c a l  power sys tem was assumed t o  i nco rpo ra te  e i g h t  p lana r  s i l i c o n  photo- 
v o l t a i c  ar rays.  A 250-nmi s t a t i o n  assembly and resupp ly  a l t i t u d e  was used 
w i t h  a re fe rence 2a dens i t y  atmosphere. 
The SSPS func t i ons  inc luded v e l o c i t y  co r rec t i ons  and a t t i  tude c o n t r o l .  The 
v e l o c i t y  c o r r e c t i o n  requirements cansi s ted o f  atmospheric drag makeup ( r e -  
boost ) ,  deb r i s  avoidance, and reserves. The a t t i t u d e  c o n t r o l  requirements 
inc luded reboost  a t  a t t i  tude con t ro l ,  torques exceeding c o n t r o l  moment gyro 
(CMG) capac i ty ,  CMG backup, and CMG desaturat ion.  
ARCHITECTURE 
MASS 
SIZE 
SHAPE 
PERFORMANCE 
ATTITUDE CONTROL 
VELOCITY CONTROL 
SAFETY 
MAINTENANCE 
CUSTOMER ACCOMMODATIONS 
CREW ACTIVITIES 
GNC 
EC/LSS 
OTHERS 
EVOLUTION AND OPPORTUNITY 
CUSTOMER NEEDS 
ADDITIONAL FACILITIES 
OPERATIONS 
SYSTEM INTERFACE 
UTILITY SERVICE (02/H2/H20) 
Figure  2-1. Scope of  Requirements Considered 
PRECEDNG PAGE BLANK NOT FILMED 
RI/RD89-104 
7 
A s  shown i n  F igure  2-1 , the  SSPS requirements evaluated considered the  s t a t i o n  
a r c h i t e c t u r e ,  p ropu ls ion  sys tem performance, SSPS operat ions,  i n t e r f a c e s ,  and 
SSPS e v o l u t i o n  and oppor tun i t y .  Each o f  the  v e l o c i t y  c o r r e c t i o n  and a t t i  tude 
c o n t r o l  requirements were  evaluated t o  determine t h e i r  impact on the  SSPS, the  
design bas is ,  and the  design s e l e c t i o n  s e n s i t i v i t y  t o  base l ine  change. 
The s t a t i o n  s a f e t y  requirements speci fy  a f a i  1-operat ional  / fa!  1-safe/ restor -  
ab le  system w i t h  designed-in sa fe ty .  
ment. The customer accommodation requ i res  a micro-gravi  t y  (<10-5g) and con- 
tami nat ion-1 i m i  t ed  environment. The process! ng and operat ions requ i  rements 
i nc lude  the  need t o  access, serv ice,  and main ta in  the  SSPS and the  SSPS i s  t o  
be launched i n  the  Space Transpor ta t ion  System (STS).  Sys tem maintenance and 
s e r v i c i n g  requirements c o n s i s t  o f :  ( 1  easy replacement a t  lowest o r b i t a l  
replacement u n i t  (ORU), ( 2 )  condi tion-moni t o r i n g  f a u l t  de tec t ion ,  and (3) pro- 
pe l  l a n t  resupp ly  se rv i c ing .  
The l a t t e r  would i nc lude  damage conta in-  
For t h i  s s tudy task,  two d i f f e r e n t  impulse requirements were evaluated (Tab1 e 
2-1). The t o t a l  90-day impulse values were s i m i l a r  f o r  t he  two impulse r e -  
quirements. For the  re fe rence impulse, t he  reboost  impulse i s  approximately 
one- th i rd  o f  the  t o t a l  impulse ( two- th i rds  cont ingency).  I n  the  reboost  com- 
m i  t t e e  impulse, t h e  reboost  impulse i s  approximately th ree- four ths  o f  t he  
t o t a l  impulse. 
Dur ing the  conduct o f  t h i s  task,  the  dual keel  s t a t i o n  c o n f i g u r a t i o n  (F igure  
n o t  def ined.  2-21 was in t roduced.  The r e s u l t i n g  changes i n  impulse 
2.1 SYSTEM EVALUATION 
The sys tem eva lua t i on  o f  the  oxygen/hydrogen SSPS i n v o  
values were 
ved: ( 1 )  t 
of p o t e n t i a l  candidate systems and p r e l i m i n a r y  screening, ( 2 )  t he  
le synthes is  
development 
o f  a s e l e c t i o n  methodology w i t h  the  establ ishment o f  s e l e c t i o n  c r i t e r i a  and 
t h e i r  r e l a t i v e  importance, and (3) the  eva lua t i on  o f  the  candidate s y s t e m s  t o  
de f i ne  comparative da ta  f o r  each s e l e c t i o n  c r i t e r i a .  
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Tab1 e 2-1. I O C  Impul se Oesi gn Requi rements 
( 2  sigma atmosphere) 
90-day Impulse, 1 b f - s  
Proposed 
Reboost 
1 0-year Committee 10-year 
Reference Average ( 8  J u l y  1985) Average 
0 Reboost and o t h e r  r e s u p p l i e d  p r o p e l l a n t s  
0 Reboost ( d r a g  makeup) 483,000 224,000 854,000 400,000 
0 O r b i t  makeup a t t i t u d e  c o n t r o l  -- (Resi s t o j  e t )  221 ,000 100,000 
0 Momentum management -- 57,000 
T rans ien ts  
0 O r b i t e r  b e r t h i n g  26,000 26,000 26,000 150,000 
0 Other  -- ( T h r u s t e r )  66,000 
Sub to ta l  ( r e s u p p l i e d  p r o p e l l a n t s )  509,000 250,000 1,224,000 650,000 
Cont ingency 
0 C o l l i s i o n  avoidance (AV = 5 f p s )  61 ,500 70,000 
0 A l t i t u d e  t r a n s f e r  (20 nmi) 831 ,000 
A t t i t u d e  c o n t r o l  backup - CMGs 147,000 269,000 
CMG r e p a i r  -- 11,000 
Reserve (10% o f  reboost )  -- 85. OOQ 
Sub to ta l  ( s t o r e d  p r o p e l l a n t s )  1.o39.500 435.ooo 
T o t a l  impulse 1 ,548,500 1 ,659,000 
-- 
Figure 2-2. 
POSSIBLE IMPACT ON SELECTION 
0 ACS IMPULSE 
GRAVITY GRADIENT STABIL 
ORBITER BERTHING 
RE-BOOST REQUIREMENTS 
0 ACS TORQUE LEVEL 
0 SINGLE POINT REBOOST 
0 LINE LENGTHS 
ZATION 
0 NEED FOR ACTIVE CONFIGURATION 
CONTROL 
Dual Keel Configuration 
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2.1.1 System Synthesis 
The major emphasis i n  syn thes iz ing  candidate O2 and H2 
s y s t e m s  t o  be evaluated was t o  s t r i v e  f o r  sys tem s i m p l i c i t y .  Candidate sys- 
tems i n c o r p o r a t i n g  pumps, tu rb ines ,  o r  gas generators were e l im ina ted  because 
o f  t h e i r  increased system complexi ty.  To main ta in  the  p r o p e l l a n t  storage 
volume and meet minimum requ i red  t h r u s t e r  i n l e t  temperatures (200"R f o r  H2 
and 400"R f o r  02), p r o p e l l a n t  thermal cond i t i on ing  i s  requ i red .  One a t t r a c -  
t i v e  approach t o  p r o p e l l a n t  tank p r e s s u r i z a t i o n  i s  through heat a d d i t i o n .  
E l e c t r i c a l  power would supply the  energy requ i red  f o r  tank p r e s s u r i z a t i o n  and 
p r o p e l l a n t  thermal cond i t i on ing .  On-l ine gas generat ion ( r e a l  t ime du r ing  
t h r u s t e r  f i r i n g )  would r e q u i r e  excessive power t o  p rov ide  the  f u l l  t h r u s t e r  
f 1 ow r a t e .  To m i  n i  m i  ze power requ i  rements , accumul a t o r s  a re  requ i  red  t o  
decouple the  tank  p r e s s u r i z a t i o n  and thermal c o n d i t i o n i n g  from the  t h r u s t e r  
opera t ion .  Accumulators a re  a l s o  requ i red  f o r  water e l e c t r o l y s i s  approaches 
f o r  t he  same reason. 
based p ropu ls ion  
An i n i t i a l  screening o f  t he  candidate systems assessed sys tem complex1 ty, 
s y s t e m  vo l  ume, and energy requ i  rements. Thi s r e s u l t e d  i n the  e i g h t  candidate 
s y s t e m s  presented i n  Table 2-2. These inc lude  0 2 / H 2  and warm H2 sys tems 
w i t h  and w i thou t  H2 r e s i s t o j e t s  and i n t e g r a t e d  w i t h  the  environmental con- 
t r o l  and l i f e - s u p p o r t  sys tem (ECLSS), a O,/H, sys tem w i t h  dedicated water 
e l e c t r o l y s i s ,  and a combined warm 
0 2 / H 2  drag makeup system. Sample 
are  presented i n  F igure  2-3. 
The p r o p e l l a n t s  and t h e i r  o r i g i n ,  
L L  
H2 a t t i t u d e  c o n t r o l  s y s t e m  (ACS) w i t h  an 
schematics o f  these candidate sys tems 
the  type of t h r u s t e r ,  and whether the  
candidate system would be used f o r  drag makeup ( low or. h igh  t h r u s t )  and/or 
a t t i t u d e  c o n t r o l  (h igh  t h r u s t )  a re  summarized p i c t o r i a l l y  i n  F igure  2-4 f o r  
a l l  candidate sys tems.  
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Table 2-2. I O C  SSPS Candidate Systems 
7 
8 
Oxygen/hydrogen 
Warm hydrogen 
Oxygen/hydrogen + hydrogen r e s i  s t o j e t  
Warm hydrogen + hydrogen r e s i  s t o j e t  
Oxygen/hydrogen from water e l  e c t r o l y s i  s 
Oxygen/hydrogen i n t e g r a t e d  w i t h  ECLSS 
w i t h  COz r e s i  s t o j e t s  
w i t h  CH4 r e s i s t o j e t s  
Warm hydrogen in teg ra ted  w i t h  ECLSS 
w i t h  C02 r e s i  s t o j e t s  
w i t h  CH4 r e s i  s t o j e t s  
Combined a1 te rna te  
Warm hydrogen ACS w i t h  oxygen/hydrogen drag makeup 
02"2 WARM Hp 
O2/H2 + H2 RESISTOJET WARM H2 + H2 RESISTOJET 
m 
u 
Figure  2-3. SSPS Candidates (Sheet 1 o f  2)  
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OqHp + C02 OR CH4 RESISTOJETS WARM H2 + C02 OR CHq RESISTOJETS 
(INTEGRATED WITH ECLSS) (INTEGRATED WITH ECLSS) 
0 2  /H2 FROM WATER ELECTROLYSIS 
ELECTROLYSIS 
WATER 
Figure  2-3. SSPS 
FROY ECLSS c 
C 0 M B INED ALTERNATE 
ORAC YAKEUC 
I Y I T E Y  
AmTUDE CONTROL 
Candidates (Sheet 2 o f  2) 
2.1 .2 Eva1 u a t i  on 
The e i g h t  SSPS candidates were  evaluated i n  s u f f i c i e n t  depth f o r  each evalu- 
a t i o n  c r i t e r i o n  t o  d i s c r i m i n a t e  between the  d i f f e r e n t  systems.  De ta i l ed  
sys tem schematics were  prepared d e f i n i n g  the  component arrangement, component 
type, and redundancy. The o v e r a l l  and resupply  sys tem weight,  volume, and 
energy requirements were determined. The assumptions and ground r u l e s  used i n  
t h i s  eva lua t i on  are  shown i n  Table 2-3. 
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PROPELLANTS 
EARTH 
DRAO MAKEUP ATTITUDE CONTROL 
O2”2 
A 
COMB. COMB. 
F igure  2-4. SSPS Candidate  Concepts 
Table 2-3. Assumptions and Ground Rules 
S u p e r c r i t i c a l  s torage f o r  IOC s t a t i o n  
0 
. -  
Cen t ra l  i zed propel  1 a n t  s torage and thermal condi  t i oni  ng w i  t h  modular accumul a t o r s  
Thermal c o n d i t i o n i n g  o f  p r o p e l l a n t  by e l e c t r i c a l  hea te r  w i t h  l a r g e r  thermal i n e r t i a  
Accumul a t o r s  operate i n  b l  owdown mode (no heat  added d u r i n g  b l  owdown) 
Nominal m i x t u r e  r a t i o  o f  4 : l  k1 f o r  oxygen/hydrogen b i p r o p e l l a n t  (excep t  e l e c t r o l y s i s  a t  8 : l )  
System supp l i es  p r o p e l l a n t  t o  f o u r  25 - lb f  t h r u s t e r s ,  p o s s i b l y  a l s o  r e s i s t o j e t s  
Long-durat ion hardware soak temperature w i l l  reach -60O0R 
Minimum t h r u s t e r  i n 1  e t  temperatures : 20O0R (hydrogen),  400°R (oxygen) 
Maximum tank d iameter  i s  9 f t  (cube dimension) 
S p e c i f i c  impulse va lues ,  
Oxygen/hydrogen 440 (380 a t  8 : l )  
Warm hydrogen 270 
Hydrogen r e s i s t o j e t  500 
cop * 130 
CH4 160 
Maximum a v a i l a b l e  power 10% o f  t o t a l  s t a t i o n  power 
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2.1.3 Se lec t i on  Methodoloqy 
To ensure an o b j e c t i v e  candidate se lec t ion ,  a s t ruc tu red  eva lua t i on  and s e l e c -  
t i o n  methodology was used. The o v e r a l l  s e l e c t i o n  process i s  schemat ica l l y  
i l l u s t r a t e d  i n  F igure  2-5 and invo lves  the  generat ion and compi la t ion  o f  data 
p e r t i n e n t  t o  speci f i  c eval  u a t i o n  c r i t e r i a  which a re  quant i  f i  ed t o  a numeri ca l  
r a t i n g .  The steps i nvo l ved  i n  t h i s  procedure a re  presented i n  Table 2-4. 
A s  shown i n  Table 2-4, the  s e l e c t i o n  c r i t e r i a  t o  be used were f i r s t  devel- 
oped. This  was accomplished through a rev iew o f  the  SSPS requirements i d e n t i -  
f y i n g  c r i t i c a l  areas o f  concern and through i n t e r a c t i o n  w i t h  NASA-MSFC per- 
sonnel. Table 2-5 presents the  seven s e l e c t i o n  c r i t e r i a  def ined f o r  the  SSPS 
F igure  2-5. Concept Se lec t i on  Process 
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Table 2-4. Concept Se lec t i on  Approach 
e DeveloD s e l e c t i o n  c r i t e r i a  - 
e 
e 
e 
e 
e 
e 
e 
e 
Es tab l i sh  we igh t ing  f a c t o r s  f o r  s e l e c t i o n  c r i t e r i a  
Establ  i sh normal i zed f i g u r e s  o f  m e r i  t f o r  c r i  t e r i  a r a t !  ngs 
Rate p ropu ls ion  sys tem concepts 
Mu1 ti p l y  r a t !  ngs w i t h  w e i  g h t i  ng f a c t o r s  
Sum products  f o r  each propu ls ion  sys tem concept 
Rank propu l  s ion  systems concepts according t o  magnitude o f  product  sums 
D e t e r m i  ne r a t 1  ng sensi t i v i  t i e s  
Review and reassess rank ing  r e s u l t s  
Table 2-5. SSPS Se lec t i on  
~ ~~ 
0 
0 
0 
0 
0 
0 
0 
~ ~~ ~ _ _ ~ ~  
Reliability and Safety 
0 Simplicity of Concept 
0 Number of Components 
0 
a Operating Procedure Complexity 
0 
Contamination Potential 
0 Exhaust Plume Impingement 
a Effluent Contamination Potential 
0 
Technical Risk 
0 Technology Readiness 
0 Technology Uncertainty 
0 
IOC and Life Cycle Cost 
0 IOC (Phase C/D) Cost 
0 Life Cycle Cost 
Growth Potential 
0 Ease of Modular Upgrading 
0 Cost of Scarring for Growth 
0 
Operational Utility 
0 Launch Packaging 
0 Ease of Deployment 
0 Refueling Mode 
0 Ease of Repair/Restoration 
Potential SSPE Inte~ration 
0 Propulsion System Energy Requirement 
0 
Number/Severity of Potential Safety Hazards 
Number of LifeIPlTBF Limitin6 Components 
Plume Radiation and Optical Effects 
Sensitivity to Space Station Configuration 
Integration with Growth Space Station 
Interaction With Other Space Station Subsystems 
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and the  s p e c i f i c  i tems i n f l u e n c i n g  each c r i t e r i o n  ( s u b c r i t e r i a ) .  The c r i t e r i a  
inc luded r e l i a b i l i t y  and sa fe ty ,  contaminat ion p o t e n t i a l ,  t echn ica l  r i sk ,  IOC 
and l i f e  c y c l e  cos t  (LCC), growth p o t e n t i a l ,  opera t iona l  u t i l i t y ,  and poten- 
t i a l  space s t a t i o n  program element (SSPE) i n t e g r a t i o n .  
R e l a t i v e  we igh t ing  f a c t o r s  were  determined by e s t a b l i s h i n g  the  r e l a t i v e  
importance o f  each c r i t e r i o n .  A t o t a l  o f  19 t echn ica l  exper ts  were surveyed. 
Through the  use o f  Rocketdyne's A n a l y t i c a l  H ie rarchy  Process (AHPI  computer 
code, the  survey resu l  t s  were  quant i  f i  ed (F igure 2-61. Re1 i abi  1 i t y  and sa fe ty  
was the  most impor tan t  c r i t e r i o n ,  fo l lowed by contaminat ion and techn ica l  
r isk .  IOC and LCC was the  f o u r t h  h ighes t  c r i t e r i a .  The SSPE i n t e g r a t i o n  
c r i t e r i a  were  the  l e a s t  impor tan t  c r i t e r i a .  
30 
13 
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SSPE 
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Figure  2-6. 
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N e x t ,  a p r e l i m i n a r y  p o i n t  design o f  each candidate system was es tab l i shed and 
da ta  generated t o  enable a numerical r a t i n g  f o r  each c r i t e r i o n .  Each c r i -  
t e r i o n  rank ing  i s  m u l t i p l i e d  by the  corresponding we igh t ing  f a c t o r  t o  ob ta in  a 
weighted r a t i n g .  This i s  performed f o r  each c r i t e r i o n  f o r  each candidate 
system. The sum o f  t he  weighted r a t i n g s  f o r  a candidate system i s  t he  o v e r a l l  
r a t i n g .  The candidate systems a re  then ranked accord ing t o  the numerical 
va lue of t he  o v e r a l l  r a t i n g .  The s e n s i t i v i t y  o f  t h e  we igh t ing  f a c t o r s  i s  
determined by performing the  same process w i t h  a l l  t he  c r i t e r i a  we igh t ing  
f a c t o r s  equal. F i n a l l y ,  t he  rank ing  o f  the  candidate systems i s  reviewed and 
assessed and used t o  support  the  chosen candidate systems f o r  recommendation. 
0 
A d e t a i l e d  schematic was prepared f o r  each candidate system based on the 
simple candidate system' schematics (F igure  2-31, t he  f a i  1-operat ional  / f a i  1- 
safe requirement,  and the  u t i  1 i z a t i o n  o f  opera t iona l  ma in ta i  nab1 1 i ty. As a 
rep resen ta t i ve  sample, the  d e t a i l e d  schematics o f  t he  02/H2 and the  warm 
H2 candidate system are  presented i n  Figures 2-7 and 2-8. I n  these f i g u r e s  
major components, valves,  regu la to rs ,  and qu ick  disconnects a re  shown, as w e l l  
as the  component redundancy. The p r o p e l l a n t  supply was d i v i d e d  i n t o  th ree  
modules. For the  reference t o t a l  impulse, one module was the  90-day supply 
and the  o the r  two modules were the  cont ingency p rope l l an t .  P rope l l an t  supply 
tank p r e s s u r i z a t i o n  was prov ided by e l e c t r i c a l  heat ing.  A1 1 propel  1 an t  tanks 
a re  pressur ized  t o  a p o i n t  above t h e i r  respec t i ve  c r i t i c a l  pressure (super- 
c r i t i c a l  pressure) .  Heat exchangers were used t o  c o n d i t i o n  the  propel  l a n t  i n 
the  accumulator. 
To prov ide  da ta  f o r  the  eva lua t i on  o f  t he  d i f f e r e n t  candidate systems, the 
t o t a l  sys tem weight and volume were determined us ing  the  p r e l i m i n a r y  s y s t e m  
design computer code. This computer code can design up t o  28 d i f f e r e n t  
candidate s y s t e m s  w i t h  i t s  v a r i a b l e  schematic c a p a b i l i t y .  P rope l l an t  f lows,  
pressures,  temperature, and component weights and volumes are  determined. The 
sys tem volume i s  computed and consis ted o f  resupply  and cont ingency p r o p e l l a n t  
tanks, and the  accumulators. Also, the  t o t a l  system weight i s  ca l cu la ted  and 
inc ludes  the  p r o p e l l a n t  (90-day p lus  cont ingency) and a l l  o t h e r  components 
RI/RD89-104 
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Figure  2-7. 02/H2 System 
R I /RU89-104 
18 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
! I  I 
i 
I 
I 
Figure  2-8. Warm H2 System 
( tanks,  l i n e s ,  valves,  heat exchangers, accumulators, pressure regu la to rs ,  
qu i ck  disconnects,  and ins t rumenta t ion) .  The resupply  weight cons! s ted o f  the  
90-day resupp l i ed  p rope l l an t ,  tanks, inst rumentat ion,  and associated plumbing. 
A s tudy was conducted t o  determine the  appropr ia te  o b j e c t  f u n c t i o n  f o r  sys tem 
op t im iza t i on .  Factors  such as i n i t i a l  cos t  (volume/weight), resupp ly  cos t  
( resupp ly  weight ) ,  and a combination o f  these were examined. M in im iza t i on  o f  
t o t a l  weight prov ided a sys tem c lose  t o  minimum IOC cos t  and resupp ly  cos t  
w i t h  reasonable volume. Each candidate system was designed f o r  each o f  the  two 
t o t a l  impulses and opt imized f o r  minimum t o t a l  wet sys tem weight.  To ta l  sys- 
t e m  weight w i l l  d i r e c t l y  i n f l u e n c e  the  produc t ion  and i n i t i a l  launch cost ,  and 
the  resupply  weight w i l l  impact the  opera t iona l  costs .  P rope l l an t  tank pres- 
sure, accumulator s ize,  accumulator pressure and temperature range, and 
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t h r u s t e r  chamber pressure were  va r ied  i n t e r n a l  t o  the  computer code t o  ob ta in  
a minimum sys tem w e t  weight.  
I n  a d d i t i o n  t o  t o t a l  impulses p rev ious l y  presented i n  Table 2-1 and the  over-  
a l l  assumptions i n  Table 2-3, t he  d e t a i l e d  assumptions used i n  t h i s  eva lua t i on  
are  shown i n  Table 2-6. Pre l im ina ry  designs were obta ined f o r  each o f  the  
e i g h t  candidate systems. The general t rends i n  the  o p t i m i z a t i o n  inc luded 
lower chamber pressures and increases i n  area r a t i o .  Lower pressures w e r e  
Table 2-6. System Eva lua t inq  Assumptions 
0 Supercritical Propellant Storage Except for Water 
0 Tank and Accumulator Material 
Electrolysis 
0 Fuel Tank and Accumulator Aluminum 2219-T62 
0 Oxidizer Tank and Accumulator Inconel 718 
0 COP Resistojet 
0 ECLSS Influenced Impulses 
0 Total Available Impulse 154,440 lb-sac 
0 Specific Xmpulse 130 lbf-sedlbm 
0 Number of Tank Charges 3 
0 CH4 Resistojet 
0 Total Available Impulse 69,120 lb-sec 
0 Specific Impulse 160 lbf-sec/lbm 
0 Number of Tank Charges 3 
0 Combined Alternate System Impulse Reference Prouosed 
0 90 Days, lb-sec 483,000 854.000 
0 Contingency, lb-sec 892,000 155,000 
0 90 days. lb-see 26 ,OGO 370,000 
0 Contingency, lb-sec 147,000 280,000 
0 Drag Makeup (Oxygen/Hydrogen) 
0 Attitude Control (Warm H2) 
0 OxygenIHydrogen System 
0 Mixture Ratio 4 to 1 
0 Minimum Thruster Inlet Temp. 
0 Hydrogen 200 R 
0 Oxygen 400 R 
0 Water Electrolysis System 
0 Mixture Ratio (Oxygen/Hydrogen) 8 to 1 
0 Tank Design Temperature 500 R 
0 Tank Design Pressure 3000 psia 
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d e s i r a b l e  t o  reduce the  p r o p e l l a n t  tank and accumulator weights, b u t  pressures 
were  maintained above the respec t ive  f u e l  and o x i d i z e r  c r i t i c a l  pressures. 
The r e s u l t i n g  normal ized t o t a l  sys tem (02/H2 system chosen as the  r e f e r -  
ence) and resupp ly  weight and volume are presented i n  F igures 2-9 through 
2-12. The 02/H2 sys tem r e s u l t e d  i n  the  lowest t o t a l  system and resupply  
weight and volume. The 02/H2 system i n t e g r a t e d  wi th  the  ECLSS us ing  C02 
r e s i s t o j e t s  r e s u l t e d  i n  a lower resupply  volume because o f  the  u t i l i z a t i o n  o f  
on-board C02. The 02/H2 system w i t h  water e l e c t r o l y s i s  r e s u l t e d  i n  the  
h ighes t  t o t a l  sys tem weight. Because immediately a f t e r  t he  in !  t i a l  s t a t i o n  
deployment, t h i s  candidate system cannot p rov ide  s u f f i c i e n t  p r o p e l l a n t  f o r  
reboost,  p r o p e l l a n t  and high-pressure tanks were incorpora ted  i n  the  sys tem t o  
p rov ide  f o r  the i n i t i a l  s t a t i o n  reboost.  Subsequently, t he  p rope l l an ts  are 
generated and s tored.  The warm H2 system has the  h ighes t  t o t a l  sys tem and 
resupp ly  volume and t h e  h ighes t  resupply  weight. 
The t o t a l  energy requ i red  (p rope l l an t  tank  p ressu r i za t i on ,  p rope l  l a n t  thermal 
cond i t i on ing ,  r e s i s t o j e t  power, and water e l e c t r o l y s i s  power) f o r  each o f  the 
candidate systems i s  presented i n  F igure  2-13. The crosshatched p o r t i o n  o f  
each bar  represents  the  energy requ i red  t o  p ressur ize  the  p r o p e l l a n t  tanks f o r  
expu ls ion  and the rma l l y  c o n d i t i o n  the  p rope l l an ts .  The open p o r t i o n  o f  the  
bar  i s  e i t h e r  the  energy requ i red  f o r  r e s i s t o j e t s  o r  f o r  water e l e c t r o l y s i s .  
The 02/H2 system r e s u l t e d  i n  the  lowest t o t a l  energy requirement.  The 
water e l e c t r o l y s i s  sys tem had the  h ighes t  t o t a l  energy requirement because o f  
the  energy requ i red  fo r  e l e c t r o l y s i s ,  a l though the  peak power was low. 
I n  the  f o l l o w i n g  sect ions,  each candidate system i s  evaluated and compared 
w i t h  respec t  t o  each o f  t he  seven s e l e c t i o n  c r i t e r i a .  
2.1.3.1 R e l i a b i l i t v I S a f e t v .  The assessment o f  t he  r e l i a b i l i t y  o f  each candi- 
date sys tem invo lved  the  de terminat ion  of the  t o t a l  number o f  components (both 
a c t i v e  and pass ive) ,  t he  t o t a l  number of a c t i v e  components, and t o t a l  number 
o f  a c t i v e  components w i t h  l i m i t e d  l i f e .  I n  general ,  system complex i ty  and 
u n r e l i a b i l i t y  w i l l  increase wi th  the  t o t a l  number o f  components and w i t h  the  
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Figure  2-9. Normalized Weight Comparison o f  System Candidates 
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a PROPOSED (TOTAL IMPULSE 1,659,000 Ibl-S) 
Figure  2-10. Normalized Volume Comparison o f  System Candidates 
(90 Days and Contingency) 
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Figure 2-11. Normalized Resupply Weight Comparison 
o f  Sys tern Candidates 
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Figure 2-12. Normalized Resupply Volume Comparison 
o f  System Candidates 
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TANK EXPULSION AND PROPELLANT CONDITIONING 
3500 
Figure  2-13. Tota l  Energy Comparison 
t o t a l  number o f  a c t i v e  components. As  shown i n  Table 2-7, t he  warm H2 sys- 
t e m  conta ined the  lowest  number o f  components and the  O p l H 2  sys tem i n t e -  
g ra ted  w i t h  the  ECLSS contained the  l a r g e s t  number o f  components. S i m i l a r l y ,  
when the  number o f  a c t i v e  components were considered (Table 2-71, t he  warm 
H2 sys tem r e s u l t e d  i n  the  lowest  number. 
r e s i s t o j e t  had the  l a r g e s t  number o f  a c t i v e  components. As  expected, the  
s y s t e m s  us ing  o n l y  hydrogen had l e s s  t o t a l  components and less  a c t i v e  compo- 
nents than the  02/H2 systems. 
The 02/H2 system w i t h  the  H2 
Also,  t he  system r e l i a b i l i t y  i s  r e l a t e d  t o  the  use t ime d i v i d e d  by the  mean 
t i m e  between f a i l u r e  (MTBF). 
sys tem had the  lowest number o f  a c t i v e  components w i t h  l i m i t e d  l i f e  (h igher  
r e l i a b i l i t y  r a t i n g )  and the  02/H2 sys tem i n t e g r a t e d  w i t h  the  ECLSS had the 
l a r g e s t  number. 
Again, as shown i n  Table 2-8, t he  warm H2 
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Table 2-7. Component Count 
0 ~ 
Candidate System 
5 02/H2 
6 02/H2 
7 H2 Wi 
1 02/HZ 
2 Warm H2 
3 0 /H + H2 Resistojet 
4 Warm H + H Resistojet 2 2 
From Electrolysis 
2 2  
With ECLSS 
.h ECLSS 
8 Warm H2 ACS + 02/HZ Reboosl 
Total Mtmbar 
o f  Components 
(Active and 
Standby 1 
215 
119 
230 
15 7 
132 
(plus 
electrolysis) 
272 
171 
188 
Total Number 
of Active 
Components 
128 , 
.7 6 
175 
89 
79 
(plus 
electrolysis) 
156 
97 
114 
A general o v e r a l l  re1 i a b i  1 i t y  assessment was tha t  the  candidate systems con- 
i ty  r a t 1  ng than candidates i ncorpo- t a i n i n g  o n l y  hydrogen had a h igher  r e l i a b i  
r a t i  ng oxygen and hydrogen. 
The s a f e t y  assessment i d e n t i f i e d  p o t e n t i a l  major s a f e t y  hazards and t h e i r  cor-  
responding i n h i b i t o r s .  The p o t e n t i a l  sa fe ty  hazards i d e n t i f i e d  were overheat- 
i n g  o f  t he  oxygen tanks and oxygen heat exchangers and ove rp ressu r i za t i on  of 
t he  p r o p e l l a n t  tanks.  The occurrence of these f a i l u r e s  a re  be l i eved  t o  be 
h i g h l y  u n l i k e l y  w i t h  the  c o n t r o l s  envis ioned t o  moni tor  the  system opera t ion  
and the  hardware cond i t i on .  I n h i b i t o r s  t o  minimize the  p o t e n t i a l  o f  these 
hazards were  p r imar i  l y  associated w i t h  design p rov i s ions  (e.g., re1  i ef va lves,  
leak-before-burst  c r i t e r i a ,  and l a r g e  sa fe ty  f a c t o r s ) ,  ins t rumenta t ion ,  r e -  
dundant con t ro l s ,  and the  hardware heal th-moni tor ing system. 
Therefore, i n  general ,  t he  candidate systems which use o n l y  hydrogen r e s u l t e d  
i n  a h igher  r e l i a b i l i t y  and sa fe ty  r a t i n g  than t h e  systems us ing  oxygen and 
hydrogen. 
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2.1.3.2 Contamination P o t e n t i a l .  External  contaminat ion requirements s t i pu -  
l a t e  l i m i t s  on molecular  column dens i t i es ,  background l i g h t  l e v e l s ,  p a r t i c l e  
re leases and depos i ts  o f  mat te r  generated on the  s t a t i o n  du r ing  o v e r a l l  
qu iescent  operat io 'n o f  t he  space s t a t i o n .  Many o p t i c a l  payloads on the  
s t a t i o n  a re  s e n s i t i v e  t o  nontransparent gases made up o f  molecules o r  par- 
t i c l e s  which absorb i n  the  v i s i b l e ,  i n f r a r e d  or u l t r a v i o l e t  p a r t s  o f  the  
spectrum. Telescopes and r e l a t e d  equipment must avo id  depos i ts  o f  condensed 
mate r ia l  s on t h e i r  m i r r o r s .  Electromagnet ic contaminat ion i n  the  form o f  
e l e c t r i c  and magnetic f i e l d s  can a1 so a f fec t  suscept ib le  sensors. 
F igure  2-14 shows the  sources c o n t r i b u t i n g  t o  the  t o t a l  ex te rna l  contaminat ion 
environment, t he  SSPS being j u s t  one source o f  many. The most s i g n i f i c a n t  
re leases a re  from the  docking of t he  Space S h u t t l e  O r b i t e r  on s t a t i o n  resupply  
t r i p s .  Also,  t he  atmospheric atomic oxygen p reva len t  a t  low Ear th  o r b i t  (LEO) 
i s  q u i t e  severe on ma te r ia l  surfaces. An impor tan t  f a c t o r  i n  min imiz ing  con- 
tami n a t i o n  e f fec ts  caused by the  propul  s ion  system i s t he  proper  schedul ing o f  
AMBIENT (CONTINUOUS) \
SS ACTIVITY 
RELEASES 
(INTERMITTENT) 
PLATFORMS, ETC. I 
I SS SYSTEM I ' A  v 
I 0 OTHERS 1 
- _ _  NATURAL 
RESUPPLY STS 
RELEASES 
( INTERMITTENT) 
Figure  2-14. To ta l  Space S t a t i o n  External  Environment 
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drag makeup t h r u s t i n g  v is-a-v is  observat ions from at tached payloads and the  
optimum placement o f  t h r u s t e r  modules f o r  l e a s t  plume impact on s t a t i o n  sur- 
faces. For instance,  the  So lar  Observatory Telescope (SOT) can o n l y  see the  
sun about 1 h i n  each 1.5-h o r b i t ;  o the r  operat ions can be performed i n  the  
dark p o r t i o n  o f  t he  o r b i t  where the re  i s  no i n t e r f e r e n c e  w i t h  the  SOT. 
The contaminat ion p o t e n t i a l  o f  a p ropu ls ion  system depends on the  f o l l o w i n g  
f a c t o r s  : 
Propel 1 ants  + Thrus ter  E f f l u e n t  Species - Molecular Species 
I R  Absorpt ion 
Condensed Water 
Molecular  To ta l  
Column Dens! t i e s  
P rope l l an t  Flow Rate + Thrus ter  Plume Densi ty  + 
Thrust  Level and Thrus ter  Nozzle Design 4 Backflow -, Impingement 
Column Dens! t i e s  
For the  candidate p ropu ls ion  systems, a number o f  evaluat ions were  conducted. 
The dominant t h r u s t e r  e f f l u e n t  speci es and t h e i r  r e l a t i v e  amounts w e r e  deter-  
mined f o r  each system. The p o t e n t i a l  o f  the  occurrence o f  t h r u s t  backf low was 
q u a l i t a t i v e l y  assessed. Thrus ter  backf low can cause plume impingement and 
depos i t i on  and/or condensation o f  t he  e f f l u e n t  on s t a t i o n  surfaces. For t h i s  
study, i t  was assumed t h a t  f ree-molecular f l o w  nozzles f o r  r e s i s t o j e t s  were  
feas ib le ;  therefore,  no backf low would occur f o r  a r e s i s t o j e t .  Based on the  
t h r u s t e r  e f f l u e n t  species and the  p r o p e r t i e s  o f  t he  i n d i v i d u a l  species, the  
p o t e n t i a l  o f  each specie f o r  condensing on a sur face was determined. Also,  
the  absorp t ion  spectrum was obta ined f o r  each e f f l u e n t  species over  the  
i nf ra red  wave1 ength range. 
The comparative r e s u l t s  o f  t he  contaminat ion p o t e n t i a l  eva lua t i on  are pre- 
sented i n  Table 2-9. I n  general ,  the  candidate systems us ing  o n l y  hydrogen 
have a lower contaminat ion p o t e n t i a l  than the  02/H2 sys tems o r  t he  s y s t e m s  
con ta in ing  C02 o r  CH4 r e s i s t o j e t s .  Although a hydrogen t h r u s t e r  can 
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r e s u l t  i n  some t h r u s t e r  backflow, the  hydrogen condensation temperature i s  so 
low (7.2"R) a t  vacuum cond i t i ons  t h a t  condensation w i l l  no t  occur.  Also,  
hydrogen does n o t  apprec iab ly  absorb i n  the  i n f r a r e d  spectra.  
2.1.3.3 Technical  Risk. Technical r isk  assessment conducted consis ted o f  
i d e n t i f y i n g  the  technology issues associated w i t h  each candidate sys tem and a 
r e s o l u t i o n  o f  t he  c r i t i c a l  na ture  o f  each i d e n t i f i e d  issue.  For the  e i g h t  
candidate systems , a t o t a l  o f  f i v e  gener i  c technology i ssues were  d e f i  ned. 
These inc luded:  ( 1 )  complex c o n t r o l  system, (2)  tank heat ing  and gauging, 
(3)  r e s i s t o j e t  l i f e ,  ( 4 )  water rocke t  l i f e ,  and (5) e l e c t r o l y s i s  u n i t  issues.  
The c o n t r o l  sys tem issues i n v o l v e  the  accumulator propel  l a n t  mass gauging 
e r r o r ,  t r a n s p o r t  de lay  i n  c o n t r o l  loop caused by long p r o p e l l a n t  l i n e s ,  and 
the  p o t e n t i a l  f o r  compression heat c o n t r i b u t i n g  t o  accumulator overpressur iza-  
t i o n .  The assessment o f  these technology issues was t h a t  these issues w e r e  
n o t  considered c r i t i c a l  because technology e x i s t s  t o  reso lve  the  i d e n t i f i e d  
c o n t r o l  system issues.  
The propel  1 an t  tank  h e a t i  ng and gaugi ng i ssue i den t i  f i  ed f o r  supercr i  t i ca l  
pressure p r o p e l l a n t  s torage was zero  g r a v i t y  p r o p e l l a n t  s t r a t i f i c a t i o n  
i n f l u e n c i n g  the  p r o p e l l a n t  heat ing  and mass gauging. This  i ssue was n o t  
be l ieved t o  be c r i t i c a l  because a very  small g r a v i t y  l e v e l  w i l l  a v e r t  
s t r a t i f i c a t i o n .  
The techn ica l  issues associated w i t h  r e s i s t o j e t s  were  the  l i f e  o f  t he  t h r u s t e r  
w i t h  d i f f e r e n t  propel  l a n t s  , speci f i  ca l  l y  the  heat ing  element, and the  f a c t  the  
r e s i s t o j e t  f r e e  molecular  f l o w  had n o t  been demonstrated. The longes t  demon- 
s t r a t e d  r e s i s t o j e t  l i f e  has been i n  the  500 t o  1.000-h range. These issues 
have subsequently been resolved through plume t e s t i n g  and through long l i f e  
(10,000 h) t e s t s .  
Thrusters (water  rocke ts )  us ing  oxygen and hydrogen from e l e c t r o l y z e d  water 
(mix tu re  r a t i o  o f  8)  have a number o f  techn ica l  issues which can be resolved 
w i t h  cu r ren t  technology. The h igh  m ix tu re  r a t i o  o f  the  water rocke t  r e s u l t s  
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i n  a lower de l i ve red  s p e c i f i c  impulse and the re fo re  w i l l  r e q u i r e  a h igher  
p r o p e l l a n t  weight ( resupp l ied  water i f  a dedicated water e l e c t r o l y s i s  i s  used) 
than conventional oxygen/hydrogen. The combustion a t  t h i s  s t o i c h i o m e t r i c  
m ix tu re  r a t i o  r e s u l t s  i n  a h igher  combustion temperature than a t  conventional 
oxygenlhydrogen m ix tu re  r a t i o s ,  which requ i res  the  use o f  add! t i o n a l  cool- 
i ng .  The techn ica l  issues i d e n t i f i e d  w i t h  a water e l e c t r o l y s i s  u n i t  were 
p r i m a r i l y  r e l a t e d  t o  sys tem complex i ty  and s c a l i n g  c u r r e n t  systems (350 p s i a )  
t o  high-pressure systems (1,000 p s i a  t o  3,000 ps ia ) .  System complex i ty  con- 
cerns i nc luded  t h e  need f o r  a de ion i ze r  f o r  t h e  acceptance o f  a l l  types o f  
water, t he  need f o r  d ryers  t o  remove entrained mois ture i n  the  product  gas 
streams, and p o t e n t i a l  d e t e r i o r a t i o n  o f  c e l l  e lectrochemical  components. Long 
1 i f e  o f  high-pressure e l  e c t r o l y s i  s u n i t s  has a l ready  been demonstrated i n  sub- 
marines and the  development o f  u n i t s  f o r  ECLSS and e l e c t r i c a l  energy storage 
i s  proceeding under NASA aegis. 
System 
Number 
1 
2 
3 
4 
5 
6 
7 
8 
A summary o f  t h e  i d e n t i f i e d  technology issues i s  presented i n  Table 2-10. 
s i n g l e  check (4) i n  t he  c o n t r o l  sys tem and the  tank heat ing  and gauging 
columns i n d i c a t e s  t h a t  o n l y  one p r o p e l l a n t  need be considered f o r  the candi- 
date sys tems us ing  o n l y  hydrogen. As i n d i c a t e d  i n  Table 2-10, t he  warm 
hydrogen system r e s u l t e d  i n  the l e a s t  number o f  technology issues and the 
02/H2 sys tem w i t h  r e s i s t o j e t s  and the  OplH2 system i n t e g r a t e d  w i t h  
ECLSS r e s u l t e d  i n  the most technology issues. 
The 
Complex 
Control 
System 
44 
J 
JJ 
J 
44 
J 
JJ 
Table 2-10. Candidate System Technology Issues 
Tank 
Heating 
and 
Gauging 
44 
J 
JJ 
J 
44 
J 
JJ 
Res isto: 
Life 
JJ 
JJ 
JJ 
JJ 
Yotar 
Rocket 
Lif e 
 
I Electrolysis Unit Issues 
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2.1.3.4 Cost. L i f e -cyc le  costs  (LCCs) f o r  t he  e i g h t  p ropu ls ion  sys tem candi- 
dates were  determi ned us ing  Rocketdyne’s LCC program (SSPSLCC) . Thi s LCC 
model was developed s p e c i f i c a l l y  f o r  the  SSPS t o  support  the  ongoing requ i re -  
ment and c o n f i g u r a t i o n  t rade  s tud ies .  The model was conceived t o  be f l e x i b l e  
i n  i t s  s t r u c t u r e  i n  o rder  t o  handle the  l a r g e  v a r i a t i o n s  i n  p ropu ls ion  con- 
cepts w i t h  regard t o  p rope l l an ts ,  hardware, space s t a t i o n  c h a r a c t e r i s t i c s  and 
opera t iona l  support  schemes. 
The model categor izes LCC i n t o  f o u r  cos t  segments, !.e., development, produc- 
t i o n ,  t ranspor ta t i on ,  and opera t iona l  support .  The methodology a l s o  inc ludes  
cos t  r i s k .  The r e s u l t s  o f  t he  cos t  ana lys i s  a re  i l l u s t r a t e d  i n  F igure  2-15. 
Conf igura t ions  us ing  Hg as a monopropellant have the  lowest  I O C  cost ,  b u t  
the  h ighes t  LCC. 
has the  h ighes t  i n i t i a l  cos t  b u t  t he  lowest  LCC, e s p e c i a l l y  i f  a l l  t he  water 
can be supp l ied  by the  STS and the  space s t a t i o n  waste water. The h igh  I O C  
cos t  o f  t h i s  l a t t e r  candidate system was caused by the  i n c l u s i o n  of p ropu ls ion  
On the  o the r  s ide,  t he  02/H2 sys tem w i t h  e l e c t r o l y s i s  
dedicated e l e c t r o l y s i s  u n i t  development, product ion,  and system i n t e g r a t i o n  
t 
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Figure  2-15. SSPS Cost Resul ts  
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costs.  I f  any o r  a l l  o f  these costs a re  shared w i t h  o the r  space s t a t i o n  sub- 
systems, o r  i f  f u r t h e r  cos t  ref inements reduce these costs,  subs tan t i a l  reduc- 
t i o n s  i n  I O C  cos t  may be achieved. I n  any case, t h i s  candidate sys tem w i l l  
s t i l l  have the  lowest LCC. 
@ 
A s e l f - s u f f i c i e n t  space s t a t i o n  wherein a l l  f l u i d s  a re  reprocessed and 
r e c i r c u l a t e d ,  and f l u i d  resupply  from Earth i s  minimized, i s  t he  u l t i m a t e  
s ta ted  goal and i s  i n  tune w i t h  the design-to-LCC (DTLCC) approach adopted f o r  
the space s t a t i o n  program decision-making process. 
Table 2-11 presents the  I O C  ( o r  Phase C/D) and LCC d r i v e r s  f o r  each o f  the 
e i g h t  con f igura t ions .  The c o n t r o l  system ( i n c l u d i n g  hea l th -mon i to r ing) ,  cryo- 
genic tank development, and e l e c t r o l y s i s  are I O C  cos t  d r i v e r s ,  . w h i l e  f l u i d  
resupp ly  i s  i n  a l l  cases (except the  e l e c t r o l y s i s  c o n f i g u r a t i o n )  the  LCC 
d r i v e r .  A t y p i c a l  LCC breakdown f o r  t h e  Oz/Hz system o f  Con f igu ra t i on  1 
i s  shown i n  F igure  2-16. N e x t  t o  f l u i d  resupply (!.e., t r a n s p o r t a t i o n )  cost ,  
t he  research development, t e s t ,  and engineer ing (RDT&E) cos t  i s  t he  l a r g e s t  
c o n t r i b u t o r  t o  LCC f o r  t h i s  system. 
From the  cos t  ana lys is ,  i t  was concluded t h a t  (1) a l l  warm H2 system candi- 
dates have t h e  l o w e s t  IOC costs,  (2)  the Oz/H2 candidates have lower LCC 
if p r o p e l l a n t s  a re  suppl ied from Earth, and (3) Oz/H2 w i t h  e l e c t r o l y s i s  
has the  lowest LCC of a l l  con f i gu ra t i ons  and i s  the most a t t r a c t i v e  system 
w i t h  respec t  t o  LCC when water i s  STS o r  space s t a t i o n  waste. 
C02 r e s i s t o j e t s  were  found t o  have lower LCC than those w i t h  the  t e c h n i c a l l y  
more d i f f i c u l t  CH4 r e s i s t o j e t s .  
Candidates w i t h  
2.1.3.5 Growth P o t e n t i a l .  The growth o f  the space s t a t i o n  can take on d i f -  
f e r e n t  dimensions. P o t e n t i a l l y  the dimensions can inc lude:  (1  1 h ighe r  t o t a l  
impulse requirement caused by a l a r g e  e l e c t r i c a l  power sys tem p ro jec ted  sur- 
face area; (2) h igher  p ropu ls ion  system performance t o  reduce sys tem resupply 
weight; (3) i n t e g r a t i o n  of the p ropu ls ion  sys tem w i t h  o t h e r  space s t a t i o n  
systems; (4) reduced contamination; and (5) improved opera t iona l  fea tures .  
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Tab1 e 2-1 1 . Cost D r i v e r  Comparison 
SSPS Candidate 
LCC D r i v e r s  System I O C  Cost D r i v e r s  
1 02/H2 
2 Warm H 
2 
3 0 /H i H R e s i s t o j e t  
2 2  2 
I 
4 Warm H i H R e s i s t o j e t  
2 2  
5 O,/H, f rom Water E l e c t r o l y s i s  
L L  
6 02/H2 w i t h  ECLSS 
7 Warm H w i t h  ECLSS 
2 
8 Warm H ACS + 0 /H Reboost 2 2 2  
Tank Development 0 
Cont ro l  System 
Con t ro l  Sys tem 0 
Tank Hardware 0 
Tank Development 0 
Cont ro l  System 
Tank Hardware 
Con t ro l  System 0 
Cont ro l  System 0 
E l e c t r o l y s i s  U n i t  0 
Cont ro l  System 0 
Tank Development 0 
Cont ro l  System 0 
Tank Hardware 0 
Cont ro l  S y s t e m  0 
Tank Hardware 
Tank Development 
Resi s t o j  e t  Development 
0 
Tank Development 
F l u i d  Supply 
F l u i d  Resupply 
I n i  ti a1 P1 acement 
F1 u i  d Resupply 
F l u i d  Resupply 
I n i  t i a1 P i  acement 
Avai 1 abi  1 i t y  o f  Adequate Waste 
Water 
F l u i d  Resupply 
Rep1 acemen t Hardware T ranspor t  
F1 u i  d Resupply 
I n i  t i a1 P1 acement 
Replacement Hardware T ranspor t  
F1 u i  d Resupply 
I 0 10 YEARS OPERATION 
0 509 klb s DESIGN 
90-day REBOOST IMPULSE 
0 1,040 klb s CONTINGENCY 
RDT&E29%- 
. FLIGHT HARDWARE k% 
GSE 8 INlT SPARES 2% 
MAINT OPERATIONS 3: 
I 
OPERATIONAL SPARES 2% FA I V I  - , A M A I N T E I N A N C E W  
IOC HARDWARE 5% / 
SPARES 40/0 
Figure  2-16. L i f e  Cycle Cost Breakdown for the  02/H2 System 
o f  Conf igura t ion  1 
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Although t h e  c o n f i g u r a t i o n  o f  t h e  growth s t a t i o n  cannot be q u a n t i f i e d  a t  t h i s  
t i m e ,  t h e  d i r e c t i o n  w i l l  be t o  minimize resupp l ied  p r o p e l l a n t  and u t i l i z e  
waste products.  This d i r e c t i o n  w i l l  l ead  t o  t h e  f u l l  u t i l i z a t i o n  o f  ECLSS 
waste products,  o r b i  t a l  t r a n s f e r  v e h i c l e  (OTV) propel  l a n t  depot boi  l -o f f ,  
manufactur ing process wastes, and water e l e c t r o l y s i s .  The p o t e n t i a l  on-board 
propel  l a n t  sources, t h e  produced propel  l a n t ,  and t h e  p o t e n t i  a1 growth propul -  
s ion  systems a r e  presented i n  Table 2-12. A representa t ive  02/H2 sys tem 
growth path i s  i l l u s t r a t e d  i n  F igure 2-17. The i n i t i a l  sys tem i n  t h i s  example 
i s  a supercr i  t i c a l  02/H2 system, which t ransforms i n t o  a water e l e c t r o l -  
ys is 02/H2 system, and then t o  a f u l l y  i n t e g r a t e d  02/H2 sys tem w i t h  
m u l t i p r o p e l l a n t  r e s i s t o j e t  being suppl ied p r o p e l l a n t  f rom t h e  on-board sources. 
The growth p o t e n t i  a1 c r i  t e r i a  considered i n c l  uded ease o f  modul a r  upgradi ng, 
ease o f  i n t e g r a t i o n  w i t h  o t h e r  s t a t i o n  systems, and t h e  r e l a t i v e  cos t  o f  
scar r ing .  As shown i n  Table 2-13, the  candidate systems w i t h  minimal in tegra-  
t i o n  w i t h  o t h e r  space s t a t i o n  systems (02/H2, warm H2, 02/H2 w i t h  
H2 r e s i s t o j e t s ,  warm H2 w i t h  H2 r e s i s t o j e t s ,  and warm H2 ACS w i t h  
02/H2 drag makeup) a re  t h e  eas ies t  t o  upgrade modular ly.  Conversely, the  
candidate system w i t h  more space s t a t i o n  system i n t e g r a t i o n  (02/H2 sys tem 
w i  t h  dedicated water e l  e c t r o l y s i  s, 02/H2 sys tem i n t e g r a t e d  w i  t h  ECLSS, and 
t h e  warm H2 sys tem i n t e g r a t e d  w i t h  'ECLSS) would r e s u l t  i n  eas ie r  space sta- 
t i o n  i n t e g r a t i o n  and lower s t a t i o n  s c a r r i n g  cost.  
2.1.3.6 OPerational U t i l i t y .  The opera t iona l  u t i l i t y  assessment considered 
launch packaging and s t a t i o n  k e e l  storage volume, s t a t i o n  bui ldup,  p r o p e l l a n t  
a v a i l a b i l i t y ,  ease o f  i n i t i a l  deployment, r e f u e l i n g  complexi ty,  and sys tem 
mai n t a i  nabi 1 i ty. A1 1 t h e  candidate propul  s ion  systems incorpora te  accumu- 
l a t o r s  near t h e  t h r u s t e r s  and t h e r e f o r e  can prov ide  propu ls ion  modules for  
e a r l y  space s t a t i o n  bui ldup.  Also, a l l  the  candidate sys tems can prov ide  
t h r u s t  on s h o r t  n o t i c e  (propel  l a n t  avai  l a b i  1 i ty)  . 
I n  cons ider ing  launch packaging and s t a t i o n  keel  storage volume, the  02/H2 
candidate systems (see Figures 2-10 and 2-12) r e s u l t e d  i n  the  lowest volume 
requirements. For the  i n i t i a l  deployment, t h e  s i n g l e  p r o p e l l a n t ,  warm H2 
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Table 2-12. SSPS Growth D i r e c t i o n  
Potential 
Space Station 
On-Board 
Propellant 
Sources 
Uater Electrolysis 
OTV Propellant Depot 
and EPS SAVE Haven 
Boilof f 
ECLSS 
Hanuf acturing 
Processes t 
SUPER CRITICAL 
PRESSUAE 
PROPELLANTS 
Figure  2-1 7 
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1 
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Pot en t ial 
Growth 
SSPS 
O2"2 
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C 0 2 ,  CHq, or 
Other Gas 
Resistoj ets 
FROM WATER 
ELECTROLVS1S 
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s y s t e m  would be t h e  s implest  t o  deploy. The candidate sys tems which are 
i n t e g r a t e d  w i t h  t h e  ECLSS o r  water e l e c t r o l y s i s  have t h e  most connections and 
t h e r e f o r e  would be t h e  most complex t o  deploy. The ECLSS i n t e g r a t e d  candidate 
systems u t i l i z e  waste products as p r o p e l l a n t s  and t h e r e f o r e  minimize propel -  
l a n t  resupp l ied  f rom Ear th and s i m p l i f y  p r o p e l l a n t  resupply.  The 02/H2 
sys tem w i t h  dedicated water e l e c t r o l y s i s  uses e i t h e r  i n e r t  (safe) ,  h igh  
d e n s i t y  water resupp l ied  f rom Ear th and simp1 i f i e s  propel  l a n t  resupply  or  uses 
STS/stat ion waste water, e l i m i n a t i n g  resupply.  
From a sys tem m a i n t a i n a b i l i t y  standpoint ,  a l l  candidate sys tems would be 
designed f o r  modul a r i  t y  t o  f a c i  1 i t a t e  maintenance and m i  n imi ze extra-vehi  cu l  ar 
a c t i v i t y  (EVA) .  Components r e q u i r i n g  maximum replacement t i m e s  i n c l u d e  the  
oxygen ' tanks,  oxygen heat exchangers, .and the  qu ick  d i  sconnects. The mai nte- 
nance o f  oxygen components should be minimized f o r  s a f e t y  reasons. 
I n  summary, t h e  02/H2 sys tem w i t h  dedicated water e l e c t r o l y s i s  would be 
the  eas ies t  sys tem t o  ma in ta in  ( r e p a i r  and rep lace) .  A l l  o t h e r  02/H2 
candidate systems tend t o  be more complex t o  mainta in .  
2.1.3.7 P o t e n t i a l  SDace S t a t i o n  Proaram Element (SSPE) I n t e g r a t i o n .  The 
assessment o f  t h e  p o t e n t i a l  SSPE i n t e g r a t i o n  considered the  autonomy of t h e  
propu ls ion  sys tem candidate w i t h  regard t o  energy needs and resupp l ied  pro- 
p e l l a n t  and t h e  p o t e n t i a l  b e n e f i c i a l  i n t e r a c t i o n  w i t h  o t h e r  SSPE systems 
(ECLSS, e l e c t r i c a l  power sys tem (EPS), manufactur ing processes, OTV, and p l a t -  
forms). The assessment r e s u l t s  a re  presented i n  Table 2-14. From a propul -  
s ion  sys tem autonomy standpoint ,  candidates w i t h  l e s s  hydrogen were more 
favorable.  Hydrogen requ i res  more energy t o  thermal l y  c o n d i t i o n  and requ i res  
l a r g e r  and heavier  p r o p e l l a n t  tanks. Consider ing autonomy, t h e  most favorable 
candidate systems were  the  02/H2 sys tem and the  02/H2 sys tem i n t e -  
grated w i t h  the  ECLSS. 
The b e n e f i t  o f  i n t e g r a t i n g  the  propu ls ion  system w i t h  o t h e r  s t a t i o n  systems 
can be s i g n i f i c a n t .  For example, i n t e g r a t i o n  w i t h  t h e  ECLSS and/or manufac- 
t u r i n g  process can r e s u l t  i n  u t i l i z a t i o n  o f  ECLSS o r  manufactur ing waste 
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products and excess water f o r  propul  s ion  propel  1 ant .  Thi s can sign! f i  c a n t l y  
reduce resupp ly  costs .  
the  ECLSS d e f i n i t e l y  d e r i v e  b e n e f i t s  from i n t e r a c t i o n  w i t h  ECLSS, EPS, manu- 
f a c t u r i n g  and the  OTV. 
commonality w i t h  the  p la t fo rms.  
The 02/H2 and warm H2 systems i n t e g r a t e d  w i t h  
The 02/H2 and the  warm H2 systems could p rov ide  
~ 2.2 CONCEPT RATING CONCLUSION AND RECOMMENDATION 
The r a t i n g I r a n k i n g  r e s u l t s  of t he  SSPS candidates a re  summarized i n  F igure  . 
2-18 and Tables 2-15 and 2-16. 
achieved the  h ighes t  o v e r a l l  r a t i n g ,  w i t h  the  warm Hp sys tem w i t h  H2 
r e s i s t o j e t s  second, the  02/H2 sys tem t h i r d ,  t he  02/H2 water e l e c t r o l -  
ys is  system f o u r t h ,  and the  combined warm H2 ACS and 02/H2 reboost  
sys tem f i f t h .  The o rde r  o f  the  rankings remained unchanged w i t h  weighted o r  
unweighted f a c t o r s  (F igure  2-18). Table 2-15 presents  the  weighted numerical 
r a t i n g s  o f  each system w i t h  respec t  t o  a l l  s e l e c t i o n  c r i t e r i a .  The d e t a i l e d  
As shown i n  F igure  20, the  warm H2 s y s t e m  
CANDIDATE WARM WARM 02/H2 WARMH2 02iH2 WARMHp OplH2 
+ ECLSS + ECLSS ACS + 
Op/H2 Op/H2 H2RJ COpRJ + C 0 2 R J  
H2 
+ RJ 
H2 
FROM REBOOST 
ELECTROLYSIS I 
@ @  0 0 @ O  0 9  
Figure  2-18. Propu ls ion  Sys tem Candidate Rat ing Resul ts  
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breakdown t o  t h e  s u b c r i t e r i a  l e v e l  i s  presented i n  Table 2-16. Therefore, 
these top  f i v e  candidate systems were recommended t o  NASA-MSFC f o r  p r e l i m i n a r y  
design eva lua t ion .  
0 
As shown i n  Tables 2-15 and 2-16, t h e  two H2 systems had t h e  h ighes t  r e l i a -  
b i l i  t y  and s a f e t y  r a t i n g  (h ighes t ’  weighted c r i t e r i a )  because these s y s t e m s  
were  s imple (one p r o p e l l a n t )  w i t h  the  lowest number o f  components. Since o n l y  
H2 i s  discharged, these same two candidate systems had t h e  lowest contamina- 
t i o n  p o t e n t i a l  and t h e r e f o r e  the  h ighes t  contaminat ion p o t e n t i a l  r a t i n g .  The 
lowest techn ica l  r isk  (h ighes t  techn ica l  r i sk  r a t i n g )  was achieved by the  
02/H2 system, t h e  warm H2 system, and the  combined H2 ACS w i t h  
02/H2 reboost.  The technology f o r  these candidate systems i s  w e l l  i n  hand. 
The 02/H2 water e l e c t r o l y s i s  sys tem r e s u l t e d  i n  t h e  h ighes t  I O C  and LCC 
r a t i n g  because o f  t h e  g r e a t l y  reduced opera t iona l  costs.  However, t h e  warm 
H2 sys tem w i t h  H2 r e s i s t o j e t s  a l s o  achieved a h igh  IOC and LCC r a t i n g  
because o f  a combination o f  a low development cos t  and a low resupply  cos t  
(h igh  d e l i v e r e d  s p e c i f i c  impulse o f  r e s i s t o j e t s ) .  Candidate systems w i t h  
r e s i s t o j e t s  and 02/H2 water e l e c t r o l y s i s  are a t t r a c t i v e  from a growth 
p o t e n t i a l  s tandpoint  because of  lower resupply  cost .  Also, candidate systems 
i n t e g r a t e d  w i t h  t h e  ECLSS reduce growth s t a t i o n  s c a r r i n g  and permi t  i ntegra- 
t i o n  w i t h  o t h e r  space s t a t i o n  systems, and therefore,  these systems had the  
h ighes t  growth p o t e n t i a l  r a t i n g s .  From an opera t iona l  u t i l i t y  standpoint ,  the  
02/H2 water e l e c t r o l y s i s  candidate achieved the  h ighes t  r a t i n g  because o f  
i t s  r e p a i r a b i l i t y  and s i m p l e  water resupply.  Because o f  t h e i r  low energy 
requirements and t h e i r  compati b i  1 i t y  w i t h  p l a t f o r m  propu ls ion  requirements, 
the  02/H2 and t h e  warm H2 systems achieved t h e  h ighes t  SSPE i n t e g r a t i o n  
r a t i n g .  
Thi s a n a l y t i  c a l  task  resu l  t e d  i n  many techn ica l  conclusions regard ing the  
SSPS. These i n c l u d e  the  f a c t  t h a t  accumulators enable t h e  decoupl ing o f  the 
p r o p e l l a n t  tank p r e s s u r i z a t i o n  and p r o p e l l a n t  thermal c o n d i t i o n i n g  from t h e  
t h r u s t e r  operat ion.  The lowest system and resupply  weight and volume w e r e  
achieved by the  02/H2 system. The a d d i t i o n  of H2 r e s i s t o j e t s  was 
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extremely beneficial to the warm H2 system in terms of significant reduc- 
tions in system weight and volume. In addition, the utilization of resisto- 
jets can provide the capability o f  high velocity propulsive disposal (free 
molecular flow) of ECLSS and on-board manufacturing processes waste products. 
Although an in-depth study of contingency propellant storage was not per- 
formed, ambient propel lant storage would be preferred over cryogeni c storage 
because o f  its simplicity. Ambient propellant storage would definitely be the 
preferred choice if the contingency total impulse was low; however, if the 
conti ngency total impul se requi rements are high, cryogeni c propel 1 ant storage 
may be required to reduce storage volume. 
Based on customer needs, OTV propellant depot (02 and H 2 ) ,  ECLSS evolu- 
tion, and shuttle orbiter excess propellants, a fully integrated hydrogen, 
oxygen, and water economy can be envisioned for the space station. 
accomplished, significant cost and operational benefits are possible. The 
SSPS, ECLSS, shuttle orbiter, and the station manufacturing facilities would 
be combined into a single system that would utilize common 02/H2 storage 
and waste water electrolysis facilities. Waste fluids from ECLSS and manu- 
facturi ng faci 1 i ti es would be recycl ed to produce potabl e water, oxygen, and 
hydrogen for use by the station customers. The SSPS would have the flexibil- 
ity to use water products that might not economically be recycled for use by 
station customers and balance the on-orbit supply o f  oxygen and hydrogen. 
If this is 
Overall, the results of thi s study clearly indicated that oxygen/hydrogen- 
based propulsion systems can provide simple, low cost, and viable systems for 
the IOC space station. Furthermore, these systems can eventually provide the 
basis for an oxygen, hydrogen, and water economy for a fully integrated space 
station. 
Subsequent to the completion of this study, the Space Station Change Control 
Board base1 i ned the water el ectrolysi s 02/H2 concept with mu1 ti fluid 
resistojets. This decision was based on this study, and independent studies 
by Boeing, Martin-Marietta, Jet Propulsion Laboratory, LeRC, and MSFC. Addi- 
tionally, thruster test results at MSFC for the 8 : l  mixture ratio life o f  
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1-million lb-s were a central element. The critical deciding factor was the 
elimination of propellant logistics (both up full and down empty) and of waste 
disposal (de-orbit or carry down). Based on this rebaselining, the overall 
test bed effort was redirected to address issues relating to the water elec- 
trolysis approach as listed in Table 2-10 and accompanying text. 
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3.0 TEST BED DESXGN AND FABRICATION 
The sys tem design goal was t o  p rov ide  a t e s t  bed rep resen ta t i ve  o f  a SSPS 
e 
capable o f  demonstrat ing the  readiness o f  oxygen/hydrogen propul  s ion  tech- 
nology f o r  t he  I O C  space s t a t i o n  a p p l i c a t i o n .  I n  add i t i on ,  t he  sys tem must be 
f l e x i b l e  enough t o  evaluate var ious  supply concepts and components f o r  use on 
the  I O C  and the  growth s ta t i ons .  
. To accomplish these goals,  t he  t e s t  bed was designed w i t h  two bas ic  modules: a 
p ropu ls ion  module con ta in ing  p r o p e l l a n t  storage and t h r u s t e r  modules, and a 
p r o p e l l a n t  supply module. The propu ls ion  module contained oxygen and hydrogen 
accumulator tanks , a r e s i  s t o j e t  p ropu ls ion  module, and a 25-1 b f  t h r u s t  engine 
module and associated c o n t r o l  valves a l l  mounted i n  a 9- f t  cube s t r u c t u r e  t o  
s imu la te  the  bas ic  b u i l d i n g  b lock  s t r u c t u r a l  element o f  t he  space s t a t i o n  
(F igures 3-1 and 3-2). The design accommodates var ious  types o f  f l u i d  supply 
modules connected t o  the  propu ls ion  module i n  o rder  t o  s imu la te  a complete 
sys tem (F igure  3-31 and t o  study growth c o n f i g u r a t i o n  o r  o t h e r  app l i cab le  
approaches. A s u p e r c r i t i c a l  gas storage tank system was designed f o r  t he  t e s t  
bed, however, because of the  subsequent base1 i n e  o f  t he  e l e c t r o l y s i s  system, 
i t  was never fab r i ca ted .  
With the  a d d i t i o n  o f  water e l e c t r o l y s i s  t o  the  base l ine  space s t a t i o n  s y s t e m  
f o r  t he  p r o p e l l a n t  supply, t he  need f o r  an e l e c t r o l y s i s  system opera t ion  on 
the  t e s t  bed became apparent. As  a r e s u l t ,  t he  program was rea l i gned  and an 
e l e c t r o l y s i s  module was designed and fabr ica ted  a t  Rocketdyne t o  f i t  on top  o f  
the  e x i s t i n g  t e s t  bed propu ls ion  module cube. Components t o  be tes ted  on the  
module inc luded Arde s t e e l  tanks, S C I  g raph i te  wrapped tanks, a LSI e l e c t r o l y -  
s i s  u n i t ,  and a HSD e l e c t r o l y s i s  u n i t .  
The module inc luded can is te rs  t o  conta in  each o f  the  water e l e c t r o l y s i s  u n i t s  
n o t  designed t o  be operable i n  a vacuum. Molecular-s ieve dryers  designed by 
Boeing and f a b r i c a t e d  a t  MSFC, were  a l s o  inc luded on the  module. F igure  3-4 
shows t h e  module assembly i n  the  workshop before i n s t a l l a t i o n .  I n  F igure  3-5, 
an LSI techn ic ian  i s  connect ing the  LSI 350-psig water e l e c t r o l y s i s  u n i t  t o  
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F igure  3-1. T e s t  Bed Assembly 
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F i g u r e  3-4. Water E l e c t r o l y t e  Module i n  MSFC Workshop 
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Figure  3-5. LSI Technic ian Connecting E l e c t r o l y s i s  U n i t  
t o  Pressure Container Pass Throughs 
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t he  con ta ine r  po r t s .  
i n t o  the  t e s t  f a c i l i t y .  
e l e c t r o l y s i s  based p ropu ls ion  sys tem t e s t  bed. 
Figures 3-6 and 3-7 show the  i n s t a l l a t i o n  o f  t he  module 
F igure  3-8 d i sp lays  a s i m p l i f i e d  schematic o f  the  
The man-walk p l a t f o r m  and s a f e t y  r a i l s  ddded t o  the  e l e c t r o l y s i s  p a l l e t  a t  
MSFC can be seen i n  F igures 3-6 and 3-7. 
f a b r i c a t e  the  t e s t  bed p ropu ls ion  module and e l e c t r o l y s i s  module a re  inc luded 
i n  Appendix A. A complete d e t a i l e d  understanding o f  t he  t e s t  bed can be 
obta ined by d e t a i l  study o f  t he  documents presented there.  
the body o f  t he  r e p o r t  a re  the  essen t ia l  d e t a i l s  and design parameters o f  the  
p ropu ls ion  module, t he  cryogenic supercr i  t i c a l  storage module, and the  
e l e c t r o l y s i s  module. 
The bas ic  drawings t h a t  were used t o  
Inc luded w i t h i n  
3.1 PROPULSION MODULE DESIGN SUMMARY 
The t e s t  bed was designed f o r  t e s t i n g  i n  MSFC vacuum Test C e l l  302 a t  an 
ambient pressure o f  1 t o r r  (F igure  3-9). Valve and c o n t r o l  components were  
se lec ted  f rom standard commercial equipment t o  p rov ide  s imu la t i on  o f  f l i g h t  
hardware w i thou t  the  expense and t i m e  requ i red  t o  o b t a i n  f l i g h t  components and 
w i t h  the  b e l i e f  t h a t  l i t t l e  was l o s t  t o  the  technology demonstrat ions.  Updat- 
i n g  t o  f l i g h t - t y p e  equipment was poss ib le  on a component by component bas is  as 
t r u l y  rep resen ta t i ve  hardware could be de f ined and made ava i l ab le .  A l l  l i n e  
assemblies were fabr ica ted  o f  welded tub ing  w i t h  Cajon-VCR f i t t i n g s  used on 
a l l  removable j o i n t s  and components t o  accommodate the  low vacuum pressures.  
A schemat ic  o f  t he  propuls ion module i s  shown i n  F igure  3-10. Tables 3-1 and 
3-2 summarize the  components used and t h e i r  design opera t i ng  ranges. 
The p ropu ls ion  module oxygen and hydrogen valves and c o n t r o l  components were  
separated and mounted on two panels beneath the  tanks on oppos i te  s ides o f  the  
s t r u c t u r a l  cube. A t h i r d  panel mounted i n  the  center  o f  t he  cube conta ined 
the  r e s i s t o j e t s  and engine module components. 
were  mounted t o  p rov ide  easy access (F igure  3-11) f o r  r e p a i r  o r  replacement 
w i t h  f l i g h t - t y p e  components as ava i l ab le .  
The components and plumbing 
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Figure 3-6. Installation o f  Water Electrolysis Module into Stand 
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Figure 3-7. Water Electrolysis Module Installed 
on Top of Accumulator Module i n  Stand 
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Figure  3-8. S i m p l i f i e d  Schematic o f  Space S t a t i o n  
Propuls ion T e s t  Bed 
SUPPLY MODULE 
ASSEMBLY 
ACCUMULATOR MODULE 
ASSEMBLY 
FACILITY SUPPLIED STAND 
VACUUM PUMPS 
Figure 3-9. Space S t a t i o n  O/H2 Propuls ion T e s t  Bed 
( T e s t  P o s i t i o n  302 Vacuum Chamber V e r t i c a l  I n s t a l  l a t i o n )  
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Table 3-1. Component Operat ing Ranges 
TEMPERATURE deg R 
NOM MAX MIN 
160 600 160 
40 600 40 
- 600 160 
- 600 40 
400 600 300 
300 600 200 
STORAGE TANK 0 2  
H2 
FLOW Ib/s 
NOM 
0.188 
0.047 
0.188 
0.047 
0.188 
0.047 
HEAT EXCHANGER 0 2  
H2 
1000 
750 
1000 
750 
1000 
750 
ACCUMULATOR 0 2  
H2 
1350 200 1500 1365 
1000 200 1100 1000 
2200 200 2500 2275 
2200 200 2500 2275 
1600 200 1800 1635 
1300 200 1500 1365 
THRUSTER MODULE 0 2  
H2 
145 
190 
125 GN2 VALVE ACTUATORS 
250 100 300 260 530 600 395 0.047 
250 100 300 260 530 600 395 0.012 
220 100 - - 530 600 500 
VACUUM SERVICE 
500 
~~~ ~ ~~ 
TEST BED SUBSYSTEM OPERATING RANGES 
I I 
- 530 - 500 0 -  - 
OPERATING PRESS psiglVENT PRESS psig 
NOM I MAX I MIN I MAX I MIN 
GN2 REGULATORS 
85-01 5-1 56-40 
Table 3-2. Component Survey 
VALVES 
0 NUPRO "U" SERIES BELLOWS VALUE 
0 PNEUMATIC OPERATOR - ELEC. HEATER 
0 BODY - 316 SS 
0 BELLOWS - 347 SS 
0 SEAT INSERT - KEL-F (BATCH TESTED FOR 02) 
ALTERNATE - STELLITE 
FILTERS 
0 VACCO INDUSTRIES 
0 IN LINE FILTER 
0 DISCTYPE 
0 VIKING FILTER - MODIFIED FITTINGS 
0 ALL METAL - 304-L (02). 316-L (Hp) 
0 321 SS SEAMLESS TUBING 
LINES 
FITTINGS 
0 CAJON-VCR 
0 316 AND 316-L SS 
0 GASKETS - SILVER PLATED 316 
ACCUMULATOR TANKS 
0 ASME CODED VESSEL 
0 02-304L 
0 H2-316L 
0 GRAYLOC CLOSE OUT FLANGES 
0 GROVE MODEL 94 
0 BATCH TESTED SOFT GOODS FOR 02 
REGULATORS 
85-018-156-1 14 
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The accumulator tanks were  standard ASME coded vessels w i t h  a 4-to-1 sa fe ty  
f a c t o r  f a b r i c a t e d  by Cap i ta l  Westward Company f o r  the  t e s t  bed. 
t a ined  p r o p e l l a n t s  f o r  approximately 830 s o f  engine f i r i n g  t i m e  
(22,600 lb-s) .  
The tank con- 
F igure  3-12 summarizes the  accumulator tank design. 
The sys tem was prov ided w i t h  s u f f i c i e n t  ins t rumenta t ion  t o  ensure safe opera- 
t i o n s  as w e l l  as o b t a i n  d iagnos t i c  data. 
A l l  s o f t  goods (O-rings, va lve  seats, e tc . )  used i n  the  components and sys tem 
were  impact batch tes ted  t o  Space S h u t t l e  Main Engine (SSME) s p e c i f i c a t i o n  t o  
prec lude i g n i t i o n  and burn ing du r ing  t e s t i n g .  
I /PORT MS33649-24 
WEIGHT (Ib) 
MAX OPERATING 
PRESSURE (psi) 
'TOTAL 
M R = 4  
To = 380 O R  
Tf = 300 O R  
PNOM = 1,000 psi 
PMIN = 200 psi 
02 
42 26 
22.45 5.33 
3050 Ib 750 Ib 
-
1,500 1,800 
22,600 Ib-S I 
-K INLETIOUTLET PORT 
85-015-156-112 
F igure  3-12. Accumulator Tanks (ASME Coded) 
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3.2 TEST BED CONTROLLER DESIGN SUMMARY e 
I n  keeping w i t h  the  concept o f  supply ing MSFC w i t h  a complete stand-alone t e s t  
bed, an i n t e g r a t e d  c o n t r o l  and data a c q u i s i t i o n  system was inc luded.  The 
design goals s p e c i f i e d  a system t h a t  would exerc ise  o v e r a l l  c o n t r o l  of t e s t  
bed operat ions w i t h  a maximum amount o f  automation, demonstrated sa fe ty ,  and 
h igh  r e l i a b i l i t y .  T e s t  bed opera t ion  was s i m i l a r  t o  t h a t  requ i red  on the  
space s t a t i o n ,  b u t  w i t h  a h igh  degree o f  f l e x i b i l i t y  necessary f o r  a t e s t  
development program. Computer con t ro l  systems w i t h  these c h a r a c t e r i s t i c s  have 
been used a t  t he  Rocketdyne Santa Susana F i e l d  Laboratory  (SSFL) f o r  over  10 
years,  and i t  was decided t o  use the  bas ic  concepts and techniques developed 
fo r  them as a design bas is  fo r  the  t e s t  bed system. 
The sys tems,  centered around min i  computers and associated components, acqu i re  
engi nee r i  ng da ta  whi 1 e c o n t r o l  1 i ng valves,  moni t o r i  ng parameter 1 i m i  t s  and 
events, and complete ly  c o n t r o l l i n g  the  t e s t  sequence. To perform these i n t e -  
g ra ted  operat ions,  speci a1 i z e d  sof tware was w r i t t e n  1 n c l  ud i  ng a h igh  order  
computer language c a l l e d  Rocketdyne T e s t  Contro l  Language (RTCL). The s o f t -  
ware system and concepts were a l s o  implemented i n  t h e  SNIA  BPD t e s t  f a c i l i t y  
i n  C o l l e f e r r o ,  I t a l y  i n  ,1981, and a t  the  A i r  Force Weapons Laboratory  i n  1982. 
@ 
I n  recent  years, many o f  the t e s t  f a c i l i t i e s  a t  Rocketdyne have had the  RTCL 
sof tware implemented i n  Data General computer hardware; and t h i s  l e d  t o  the  
s e l e c t i o n  of a Data General Desktop Model 30 as the  microprocessor u t i l i z e d  
for  t h e  t e s t  bed. 
The c o n t r o l  sys tem was composed of a manual c o n t r o l  panel ,  t he  microprocessor,  
and i t s  var ious  a n c i l l a r y  components and s igna l  c o n d i t i o n i n g  equipment (F ig-  
u re  3-13 and Table 3-31. A l l  o f  t he  components were assembled i n t o  a compact 
desk arrangement (F igure  3-14) which was loca ted  i n  the  c o n t r o l  cen ter  about 
500 ft from the  t e s t  c e l l .  
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1 r CONTROL SYSTEM CABINETS I _--__.------------ 
Figure  3-13. Computer Contro l  System Block Diagram 
Tab1 e 3-3. Microprocessor Hardware Con f igu ra t i on  
Microprocessor i s  a Data General Desktop 
Model 30 w i t h  the  f o l l o w i n g  features:  
512-KB semiconductor memory w i t h  by te  
p a r i t y  
Hardware f l o a t i n g  p o i n t  u n i t  
368-KB d i s k e t t e  u n i t  
40-MB Winchester hard d i s k  
Two 123-W power suppl i es 
D i  g i  ta l - to-analog conver te r  
D i f f e r e n t i a l  m u l t i p l e x e r  
64 d ig1  t a l  28-Vdc outputs  (op to i  so la ted)  
64 d i  g i  t a l  i npu ts  ( o p t o i  so la ted)  
P r i n t e r  
CRT d i s p l a y  f o r  24 channels o f  engineer- 
i n g  u n i t  da ta  
CRT te rmina l  f o r  opera t ing  i n t e r f a c e  
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F igure  3-14. Test Bed Contro l  System 
When power was i n i t i a l l y  appl ied,  c o n t r o l  o f  a l l  devices was from the  manual 
panel. 
the  computer. Contro l  remains w i t h  the  computer u n t i l  a r e s e t  c i r c u i t  i s  
actuated e i t h e r  manual ly o r  f rom the  ''watchdog t i m e r . "  
When automat ic c o n t r o l  was desired, a momentary sw i tch  s h i f t s  power t o  
The "watchdog" i s  a Rocketdyne b u i l t  device t h a t  moni tors  t i m i n g  s igna ls  from 
th ree  of t he  pr imary  programs i n  t h e - c o n t r o l  sof tware.  If any of  t he  programs 
f a i l e d  t o  s igna l  w i t h i n  a s e t  cyc le  t ime, c o n t r o l  au tomat i ca l l y  re tu rned  t o  
the manual panel .  I n  t h i s  way f a i l u r e  o f  t he  computer sys tem cou ld  be 
detected, and by means o f  p r e s e t t i n g  manual switches the  t e s t  bed could be 
re tu rned t o  a safe cond i t i on .  
A b lock  diagram of the  system i s  shown i n  F igure  3-15. 
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The RTCL implemented in the test bed is a very flexible and powerful high 
order programming language consisting o f  38 basic commands with up to 4 vari- 
ab1 es associated wi th each. Tab1 e 3-4 descri bes the primary features. 
0 
The event data were recorded on the hard disk every 20 msec and the parameter 
data were recorded every 100 msec. Off-line programs were available to 
reduce the data to engineering units and to produce a time line of all of the 
events that occurred. 
m a  
J +  
I d  cl) 
g d  z 
m u  9 
2 6  
5 0  
+ 
A I -  w 
0 ,  T 
The mass flow rate of the main propellants was calculated by using pressure 
and temperature upstream of the sonic venturi and could be controlled by com- 
paring the calculated values to desi red values and making necessary pressure 
corrections. The pressure upstream of the venturis was controlled by simple 
regulators. The reference pressures of the regulators were controlled by the 
computer to maintain the flow rate between upper and lower limits. 
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Table 3-4. RTCL Features 
0 Uonitors 64 valve positions every 100 
0 Controls sequence of 64 output signals on 
0 Xonitors 128 limits on raw or calculated 
0 Performs corrective action or terminates 
0 Uses flags, counters, and other branch 
0 Emulates "expert systems" 
msec 
1 msec basis 
data each 100 msec 
for limits 
statements f o r  flexible sequence 
To connect t h e  c o n t r o l  s y s t e m  t o  the  t e s t  bed, an i n t e r f a c e  box was used. A l l  
c o n t r o l  t ransducers and valves on the  bed were wi red t o  t h i s  i n t e r f a c e  box. 
Because MSFC mainta ins s t r i c t  separat ion o f  c o n t r o l  and data a c q u i s i t i o n  func- 
t i o n s ,  a second i n t e r f a c e  box was provided f o r  t h e  d iagnos t ic  data. 
MSFC personnel wi red from te rmina ls  s t r i p s  i n  t h e  two boxes, through bulkhead 
connectors i n  t h e  c e l l  w a l l ,  and from there  t o  t h e  c o n t r o l  center  and record- 
i n g  center  (F igure  3-16). The d iagnos t ic  data s igna ls  were condi t ioned and 
d i g i t i z e d  i n  t h e  t e s t  c e l l  area p r i o r  t o  being t ransmi t ted  approximately 
1,000 ft t o  t h e  record ing  center.  D i g i t a l  d isp lays  o f  engineer ing u n i t  data 
were prov ided i n  t h e  c o n t r o l  center  dur ing  a t e s t  and p r i n t o u t s  o f  engineer ing 
u n i t  data and p l o t s  of data w e r e  produced s h o r t l y  a f t e r  complet ion o f  a t e s t .  
3 . 3  CRYOGENIC SUPERCRITICAL STORAGE MODULE DESIGN SUMMARY 
The i n i t i a l  design o f  t h e  t e s t  bed inc luded cyrogenic oxygen and hydrogen 
storage tanks opera t ing  a t  supercr i  t i c a l  pressures. These tanks were t o  simu- 
l a t e  t h e  s t a t i o n  c e n t r a l  p r o p e l l a n t  storage modules. I n  operat ion,  t h e  cen- 
t r a l  p r o p e l l a n t  storage tanks would be maintained a t  or j u s t  below t h e  tank 
vent pressures by heat suppl i ed from i n t e r n a l  tank heaters.  The accumulators 
would be s lowly  charged t o  t h e i r  opera t ing  l e v e l  from t h e  c e n t r a l  supply 
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Figure  3-1 6. Design Overvi ew I n t e r f a c e s  
source. The p r o p e l l a n t s  would be passed through i n - l i n e  heaters between the  
storage module and accumulators r a i s i n g  the  now gaseous p r o p e l l a n t  tempera- 
t u r e .  Upon command from the  space s t a t i o n  guidance, nav iga t i on  and c o n t r o l  
system, the  t h r u s t e r s  would be commanded t o  f i r e  us ing  p r o p e l l a n t s  supp l ied  
from the  accumulators. A f t e r  completion o f  t he  t h r u s t e r  opera t ion ,  t he  
accumulators would be rep len ished s low ly  from the  c e n t r a l  p r o p e l l a n t  storage 
system. 
The design o f  t he  O2 and H2 storage v e s s e l s  was performed under c o n t r a c t  
by Beechcraft.  This e f f o r t  cons is ted o f  t he  thermal ana lys is ,  heater  analy- 
s i s ,  s t r u c t u r a l  ana lys is ,  and development o f  t he  design drawings o f  t he  oxygen 
and hydrogen storage vessels f o r  the t e s t  bed. 
The oxygen storage v e s s e l  was a 26 i n .  I D  304L s t a i n l e s s  s t e e l  sphere designed 
for a maximum opera t i ng  pressure o f  1,500 ps ia .  The hydrogen storage tank was 
a 42 i n .  I D  316L s t a i n l e s s  s t e e l  sphere designed f o r  a maximum pressure o f  
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1,100 ps ia .  These pressure vessels were each encased i n  a 6061 A1 vacuum 
j a c k e t .  The tanks contained a q u a n t i t y  gaging system and an e l e c t r i c a l  
heater .  The s p e c i f i c a t i o n s  f o r  these vessels a re  presented i n  Table 3-5 and 
F igure  3-17 d i sp lays  the  f i n a l  design concept as prepared f o r  t h e  t e s t  bed 
program. 
The thermal ana lys i s  considered heat leakage, t h e  cool  down and f i l l  opera- 
t i o n ,  Dewar performance a f t e r  f i l l ,  Dewar performance du r ing  t e s t ,  and vent  
l i n e  s i z i n g  t o  minimize r a d i a t i o n  heat  losses. The oxygen tank  u t i l i z e d  9 
l aye rs  o f  double Al -mylar /ny lon b lankets  and the  hydrogen tank  u t i l i z e d  30 
layers .  The maximum heat leakage, cons ider ing  both r a d i a t i o n  and conduct ion,  
was determined t o  be 33 Btu/h f o r  the  oxygen tank and 21 Btu /h  f o r  the  hydro- 
gen tank. A d e t a i l e d  heat leakage summary i s  presented i n  Table 3-6. ’ 
Table 3-5. Propuls ion Test Bed Cry0 System Spec i f i ca t i ons  
REQUIREMENT OXYGEN HYDROCEN 
SYSTEM -
MAX NORMAL OPERATING PRESSURE (PSIA) 1300 
MAX DESIGN PRESSURE (PSIA) I500 
MIN OPERATING PRESSURE (PSIA) 750 
MIN FLOW RATE (LBMMR) 45.2 
HANOLING LOAM VERTMoRlZ (G’d 3l1.5 
NEAT LEAK @TU/” 33 
HOLD TIME. IO% ULLAGE (I-IRS) 232 
FILL TIME (i-1RS) 
PRESSURE VESSEL 
PRESSURE VSSSEL ID (IN) 
CAPACITY (LBM) 
PV WEIGHT DRY (LBM) 
V a u M E F T  
PV MATERIAL 
OUTER SHELL 
VACUUM JACKET ID (IN) 
MAX ENVELOPE (IN) 
VACUUM JACKET MATERIAL 
NATERS 
EFFECTIVE SURFACE AREA EACH (IN2) 
TOTAL WATTAGE (WATTS) 
OPERATING VOLTAGE WAC) 
LIMIT TEMPERATURE (W 
09 
26 
5.33 
378 
304L 
450 
31 
35 
6061 AL 
210 
2Ooo 
65 
350 
lo00 
I100 
200 
15.2 
311.5 
21 
2 I9 
oa 
42 
22.45 
104 
3 16L 
I350 
50 
54 
6061 AL 
451 
4000 
I l l  
200 
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Table 3-6. Heat Leak Summary e ~~~ OXYGEN DEWAR @ 1300 PSI HYDROGEN DEWAR @ loo0 PSlA 
MAXIMUM AVERAGE MAXIMUM AVERAGE 
(eTU/HR) (BTUIHR) (BTWHR) @TU/HR) 
1. CONDUCTION 
SUPPORT STRUTS .7 
PLUMBING ff ILL, VENT) 9 
INST. AND HEATER WIRE CONWIT J 
2 I-EATER WIRE (20 AWC) -
TOTAL -4 
II. RADIATION 
8 LAYERS 02,30 LAYERS HZ 
DOLBLE AL-MYLAR/NYLON BLAMET)  29 -
TOTAL HEAT LEAK - 33 
J 
.7 
.4 
I 
- 3  
-
- 22 
-25 
B 
a 6  
.4 
2 
.l 
95 
.4 
I 
-4 
- 17 
- 21 
- 3  
- IS 
- 18 
The cool  down and the  f i l l  t ime was determined t o  be 0.9 h f o r  t he  oxygen tank 
and 0.8 h f o r  t he  hydrogen tank. The c a l c u l a t i o n s  f o r  t he  hydrogen tank were  
made us ing  a f i l l  r a t e  o f  125 l b / h  and load ing  f o r  f i l l  a t  a temperature o f  
34"R and a pressure o f  14.7 ps ia .  The c a l c u l a t i o n s  f o r  t he  oxygen tank were 
made us ing  a fill r a t e  o f  250 l b / h  and load ing  f o r  f i l l  a t  a temperature o f  
160"R and a pressure o f  14.7 ps ia .  The f i l l  and cool  down c h a r a c t e r i s t i c s  o f  
t he  two tanks a re  shown g r a p h i c a l l y  i n  Figures 3-18 and 3-19. 
The p o s t f i l l  performance f o r  t h e  Dewars was determined f o r  t h e  case where t h e  
tanks were  loaded w i t h  1% and 10% u l l a g e  volume. I n  the  case of  t he  1% 
u l l age ,  i t  was found t h a t  the  hydrogen could be h e l d  f o r  142 h be fore  the  vent  
pressure of 1,100 p s i a  was reached and 65 h before t h e  oxygen reached the  vent 
pressure of 1,500 ps ia .  When the  u l l a g e  was increased t o  10%. the  ho ld ing  
t ime for t he  hydrogen was extended t o  232 h and t o  219 h f o r  t he  oxygen tank. 
Graphic p resenta t ions  of p o s t f i l l  performance a re  presented i n  F igure  3-20. 
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The vent  l i n e  OD o f  0.625 i n .  was determined by cons ider ing  t h a t  t he  l i n e  
diameter must be s u f f i c i e n t  t o  prevent  pressure increase i n  case o f  annulus 
vacuum loss .  The ana lys i s  i s  based on the  the rma l l y  worst  case, where the  
heat t r a n s f e r  t o  the  f u l l y  loaded hydrogen Dewar was by a i r  condensing on the 
pressure vessel  and vent  l i n e .  I t  was determined t h a t  t he  hydrogen was the  
worst  case. The same diameter tub ing  was used f o r  t he  oxygen vent  system f o r  
commonal i t y  . 
The Dewars were t o  supply p rope l l an ts  t o  the  accumulators. 
had been cooled down and f i l l e d ,  they a re  brought up t o  the  opera t ing  pressure 
by i s o l a t i n g  the  Dewars and heat ing  the  p rope l l an ts  w i t h  the  e l e c t r i c  heaters 
i n s t a l  l e d  i n s i d e  t h e  pressure vessels.  A f t e r  t he  accumulators have been 
charged, the  accumulators a re  again i s o l a t e d  and the  pressure increased t o  the 
vent  pressure l e v e l  by heat ing  the  p rope l l an ts  w i t h  the  heaters .  As the  pro- 
p e l l a n t s  i n  the  Dewars a re  depleted, more power i s  requ i red  t o  achieve the  
vent  pressure l e v e l .  I n  the  case o f  hydrogen, the  energy t o  achieve the  pres- 
s u r i z a t i o n  l e v e l  o f  1,100 p s i a  a f t e r  t he  f i r s t  accumulator f i l l  i s  3,010 Btu, 
and a f t e r  t h e  f i f t h  f i l l  had increased t o  11,300 Btu. For oxygen, the  energy 
requ i red  t o  r a i s e  the  vent  pressure t o  1,500 p s i a  a f t e r  t he  f i r s t  accumulator 
fill was 1,150 Btu. This increased t o  5,760 Btu a f t e r  t he  f i f t h  f i l l .  The 
Dewar performance du r ing  t e s t i n g  i s  presented g r a p h i c a l l y  i n  F igure  3-21. 
A f t e r  t he  tanks 
The heaters. were designed f o r  use i n  a 2-g environment. The c a l c u l a t e d  heater  
sur face area was increased by 50% t o  p rov ide  adequate s a f e t y  margin. The 
worst  case c o n d i t i o n  f o r  t he  heat absorp t ion  c a p a b i l i t y  of t he  p r o p e l l a n t s  
(i .e., low dens i ty ,  h igh  temperature f l u i d s  and maximum a l l owab le  heater  
temperature) was used f o r  t he  heater  design. The summation o f  t he  r a d i a t i o n  
heat t r a n s f e r  f rom the  heater  t o  the  p r o p e l l a n t  was determined us ing  the  same 
c o r r e l a t i o n  used i n  the  s h u t t l e  PRSA heater  ana lys is .  
The convect ion heat t r a n s f e r  from the  heater  t o  the  f l u i d  occurs both i n s i d e  
and ou ts ide  o f  t he  heater  tube. This i s  shown p i c t o r i a l l y  w i t h  the  r e l a t i o n -  
ships f o r  determin ing the  i n t e r n a l  and ex terna l  f r e e  convect ion heat  t r a n s f e r  
i n  F igure  3-22. 
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o FREE CONVECTION 
EXTERNAL SURFACE: 
WHERE: Q = 
WHERE: K = 
L =  
CR = 
PR = 3 
WHERE: e = 
9 c =  
B =  
I r =  
o FREE CONVECTION 
INTERNAL SURFACE: 
WERE: C, = 
.TM = 
Q = h, A (TH - T ~ )  
FREE CONVECTION HEAT TRANSFER (BTUIHr) 
HTR ELEMENT SURFACE AREA EXTERNAL (Ft2) 
HEATER TEMPERATURE (R) 
MEAN FLUID TEMP OUTSIDE (R) = (TH + TFLUID)/~ 
AVC UNIT CONVECTIVE CONDUCTANCE (BTUMrFt2R) 
& = 0.548 K/L  (CR PR) 
THERMAL CONDUCTIVITY OF FLUID (BTUMrFtR) 
CYLINDER LENGTH (Ft) 
GRASHOF NUMBER (-) 
PRANDTL NUMBER (-1 
CR = e2 g,B(TH - TM) L3/fi2 
FLUID DENSITY (Lbrn/Ft3) 
GRAVITATIONAL CONSTANT = 32.174 (Ft/sec2) 
TEMP COEFFICIENT OF VOLUME EXPANSION (I /R) 
ABSOLUTE FLUID VISCOSITY Ubm/Ft-sec) 
F igure  3-22. Heat Trans fer  Mechanisms i n  a 1-g Environment 
Using the  above referenced r e l a t i o n s h i p s ,  i t  was determined t h a t  t h e  hydrogen 
heater  requ i red  an ex te rna l  sur face area of 914 i n 2  wi th  4,000 W power and 
t h a t  t he  oxygen heater  requ i red  an ex terna l  area o f  540 i n 2  w i t h  2,000 W 
power. A summary of  t he  components o f  t he  heater  i s  presented i n  Table 3-7. 
These heater  conf igura t ions  g i v e  a hydrogen heater  temperature of 200°F and a 
f l u i d  temperature o f  160°F a t  1,100 p s i a  pressure and an oxygen heater  temper- 
a tu re  o f  3500°F a t  1,300 p s i a  pressure.. 
Of concern f rom the  s tandpo in t  o f  sa fe ty  i s  the  maintenance of t he  oxygen 
heater  sheath temperature below the  au to ign i  t i o n  temperature o f  t he  sheath 
m a t e r i a l .  The maximum temperature occurred i n  the  s p l i c e  o f  t h e  power lead t o  
the heater  conductor. The temperature p r o f i l e  i n  t h i s  c r i t i c a l  area was w e l l  
below the  a u t o i g n i t i o n  temperature f o r  t he  300 ser ies  co r ros ion - res i s tan t  
s t e e l .  
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Table 3-7. Heater Surface Area Summary 
0 .PARAMETER 0 2  H2 
CnlNOER LENGTH (IN) 
CYLINDER DIAMETER (IN) 
NUMBER OF HOLES 
HOLE DIAMETER (IN) 
HEATER WIRE LENGTH (IN) 
MATER W I R E  DIAMETER(IN) 
CYLlNOER AREA - EXT (IN2) 
WIRE SRFC AREA (112) (IN2) 
HOLE AREA (INZj 
EXTERNAL HTR AREA (IN2) 
NUMBER OF HEATERS 
TOTAL EXTERNAL AREA (IN2) 
22 
3.5 
60 
a5 
137 
,187 
24 1.9 
- 1  ia 
40.2 
270 
2 
540 
38 
3 5  
96 
05 
I97 . I87 
4 17a  
-188 
57 3 
457 
2 
9 I4 
As the  p r o p e l l a n t  i s  depleted from the  Dewars, t h e i r  l e s s e r  d e n s i t y  r e s u l t s  i n  
a change i n  t h e i r  s p e c i f i c  heat.  I n  o rder  t o  ma in ta in  constant  s torage condi- 
t i o n s  w i t h  a constant  heater  i n p u t  a va ry ing  mass f l o w  r a t e  r e s u l t s .  The 
e f f e c t  o f  f l u i d  d e n s i t y  i s  depic ted g r a p h i c a l l y  i n  F igure  3-23. Using these 
da ta  f o r  a constant  hydrogen heater  o f  4000 Watts, t he  t ime requ i red  t o  
dep le te  t h e  usable mass o f  hydrogen o f  83.1 lbm was determined t o  be 2.3 h; 
and w i t h  a constant  oxygen heater  i n p u t  o f  2000 W, d e p l e t i o n  o f  t he  usable 
f l u i d  mass o f  324.9 lbm was accomplished i n  3.7 h. The i n f l u e n c e  o f  var ious  
heater  power l e v e l s  i s  shown i n  F igure  3-24. 
ments r e s u l t i n g  from the  above analyses i s  presented i n  Table 3-8. 
A summary o f  t he  heater  requ i re -  
S t r u c t u r a l  ana lys i s  was performed on the  oxygen and hydrogen pressure vessels,  
ou te r  s h e l l s ,  support  s t r u t s ,  s t r u t  f i x t u r e s ,  f i l l  and vent  l i n e s ,  neck p lug,  
and the  pressure vessels t o  ensure compliance w i t h  t r a n s p o r t a t i o n  and i n  use 
loadings.  
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83.1 LOM DELIVERED 
F i g u r e  3-24. Time Required t o  D e p l e t e  Usab le  Mass 
Tab1 e 3-8. Summary of H e a t e r  Requirements 
1300 PSlA 1000 PSlA 
DEWAR VOLUME FT3) 
LOADED FLUID DENSITY 
OBM/FT3) 
FLUID TEMP LIMIT (OR) 
INITIAL FLUID MASS 
(LBM) 
5.3 
695 
490 
370.4 
225 
4.3 
300 
965 
RESIDUAL MASS (LBM) 
AT TEMP LIMIT 455 13.4 
USABLE FLUID MASS QeM) 324.9 
LBM/ACCUMULATOR FILL 48 
NO. OF FlLLs/DEWAR 6 8  
ENRCY REQUIRED 
TO DEPLETE USABLE 
MASS ~W)lffS) 
EATER POWER (W) 
T I M  TO DEPLETE 
USABLE MASS (HRS) 
INTEGRATED AVERAGE 
FLOWRATE (LBM/HR) 
7456 
2000 
3.7 
078 
83.1 
12 
6 3  
9008 
4000 
2 3  
36. I 
MINIMUM MATER SyfVACE 
AREA REQUIRED (IN ) 505 490 
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3.4 ELECTROLYSIS MODULE DESIGN SUMMARY 
I f  
The e l e c t r o l y s i s  module was designed as an i n t e g r a t e d  package o f  e l e c t r o l y s i s  
u n i t s ,  gas dryers ,  p r o p e l l a n t  storage tanks, and associated valves and con- 
t r o l s .  The water, n i t r o g e n  purges, and p r e s s u r i z a t i o n  were f a c i l i t y  sup- 
p l i e d .  Drawing 7R032825, inc luded as p a r t  o f  t he  design drawing package i n  
Appendix A, d i sp lays  a complete schematic o f  the  t e s t  bed i n c l u d i n g  the  
e l  e c t r o l y s i  s system. Drawing 7R032840, Appendix A, dep ic t s  the  e l  e c t r o l y s i  s 
module assembly. 
The p a l l e t  assembly was s imply  a s t r u c t u r a l  base p r o v i d i n g  mounting lugs,  
c rad les  and support  f o r  t he  module components. 
prov ided a r i g i d  base f o r  t r a n s p o r t  and hand l ing  and a means o f  attachment t o  
the  top  o f  t he  p ropu ls ion  module. 
Fabr icated from channel , i t  
The p r o p e l l a n t  s torage tanks were  th ree  f i l a m e n t  wrapped vessels prov ided by 
SCI and two m e t a l l i c  tanks suppl ied by Arde I n c .  The th ree  SCI tanks used 
were cy1 i n d r i  ca l  w i  t h  hemi spher i  ca l  ends and were  f a b r i  cated u s i  ng a spun 
seam1 ess 6061 a1 umi num 1 i ner  overwrapped w i t h  a h igh  s t reng th  graphi  t e  f i  ber  
f i lament-wound/resin s t r u c t u r e .  The tanks were 20.2 i n .  i n  diameter and 
78 i n .  i n  leng th .  
The two Arde s t e e l  tanks were 23 i n .  diameter spheres f a b r i c a t e d  f rom 301 
cryoformed s t a i n l e s s  s t e e l .  The tanks used were considered rep resen ta t i ve  of 
composite and metal tanks t h a t  could be used f o r  t he  space s t a t i o n  a p p l i c a t i o n .  
The cani  s t e r s  conta ined the  e l e c t r o l y s i  s u n i t s .  The e l  e c t r o l y s i  s pro to type  
u n i t s  were n o t  designed f o r  opera t ion  i n  the  vacuum t e s t  environment used for 
the  t e s t  bed. The c a n i s t e r  f o r  t he  HSD u n i t  (7R032829 Appendix A) was 
designed t o  permi t  opera t ion  o f  the  e l  e c t r o l y s i  s components a t  standard atmo- 
spher ic  pressure.  The LSI e l e c t r o l y s i s  components were designed t o  operate a t  
a maximum outpu t  pressure o f  350 p s i  a t  standard atmospheric cond i t ions .  The 
LSI containment c a n i s t e r  was designed t o  conta in  pressures up t o  1,250 ps ig .  
Thi s approach pe rm i t ted  the  ou tpu t  supply pressure o f  t he  e l e c t r o l y s i s  
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products t o  be increased t o  1,000 p s i  o r  more by s imply  i nc reas ing  the  ambient 
pressure environment o f  the  e l e c t r o l y s i s  u n i t  t o  ma in ta in  requ i red  pressure 
d i f f e r e n t i a l  s across e l  e c t r o l y s i  s components. 
Molecular-s ieve dryers  designed by Boeing and f a b r i c a t e d  a t  MSFC w e r e  inc luded 
i n  the  module. Each d rye r  was furnished w i t h  e l e c t r i c a l  res i s tance  heaters t o  
expel mois ture c o l l e c t e d  f rom the  e l e c t r o l y s i s  e f f l u e n t  du r ing  a vacuum dry- 
i ng lhea t i  ng cyc le .  Dual d ryer /heater  assembl i es were used i n  both the  hydro- 
gen and oxygen supply systems.  By a l t e r n a t i n g  between the  two dryers ,  con t in -  
uous e l e c t r o l y s i s  sys tem opera t ion  was poss ib le .  A f t e r  opera t ion  f o r  a t i m e  
s u f f i c i e n t  t o  sa tu ra te  a d rye r  w i t h  water, a c o n t r o l  s y s t e m  would swi tch 
opera t i on  t o  the  second dryer ,  t u r n  on the  heater  f o r  t he  f i r s t  d rye r  and vent  
i t  t o  vacuum f o r  d ry ing .  
Mois ture sensors were  used t o  moni tor  the  e f f l u e n t  water content  t o  determine 
the  p o i n t  of d rye r  s a t u r a t i o n  and the  need f o r  sw i tch ing  t o  opera t ion  w i t h  the 
second d rye r  and t o  i n i t i a t e  vacuum d ry ing  o f  the  first. 
There were two bas ic  types o f  e l e c t r o l y s i s  u n i t s  considered f o r  t e s t  on the 
t e s t  bed as app l i cab le  f o r  f u t u r e  space s t a t i o n  use. A sys tem us ing  an alka- 
l i n e  (KOH) e l e c t r o l y t e  is being developed by LSI .  A sys tem us ing  a s o l i d  
polymer a c i d i c  e l e c t r o l y t e  i s  be ing developed by Un i ted  Technologies HSD. 
LSI's s t a t i c  feed e l e c t r o l y z e r  (SFE) concept uses a vapor-fed c e l l  w i t h  a 
f i b r o u s  m a t r i x  separator  and a sys tem t h a t  promises opera t ion  w i thou t  a c t i v e  
coo l ing .  The SFE c e l l  concept tes ted  i s  shown i n  F igure  3-25. I t  evaporates 
water from an i n t e r n a l  water-fed c a v i t y  and feeds the  vapor t o  the  c e l l  e lec-  
t rodes.  The potassium hydroxide e l e c t r o l y t e  i s  he ld  i n  a f i b r o u s  ma t r i x  
between the  e lect rodes.  The coo l i ng  was done by pumping the  f l u i d  i n  the  
water feed c a v i t y  through a coo lan t  loop. 
The SFE c e l l  has shown t o  be capable o f  opera t ing  a t  op t im ized c u r r e n t  densi- 
t i e s  w i thou t  coo lan t  and present  developments a re  i n v e s t i g a t i n g  the  e l imina-  
t i o n  o f  t he  coo lan t  loop e n t i r e l y  i n  favor o f  d i r e c t  pass ive conduct ion 
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Figure  3-25. SFE w i t h  Coolant C i r c u l a t i o n  (a) E l e c t r o l y s i s  Process 
(b) Subsystem Funct ional  B lock Diagram 
r a d i a t i o n  coo l ing .  The SFE concept w i thou t  c o o l i n g  has o n l y  f o u r  components; 
t he  e l e c t r o l y z e r  c e l l  s tack,  a pressure c o n t r o l l e r ,  a f l u i d  c o n t r o l l e r ,  and a 
water tank.  
The HSD u n i t  t es ted  du r ing  the  program was a conduct ive ly  cooled module w i t h  
s t a t i c  vapor water feed t o  the  e l e c t r o l y s i s  c e l l .  Th is  design e l im ina tes  the  
need for any water pumps o r  phase separators.  An a l t e r n a t i v e  i s  the  anode 
feed concept used f o r  submarine e l  e c t r o l y s i  s u n i t s .  Thi s approach c i r c u l a t e s  
the  r e a c t i o n  (and coo l i ng )  water through the  anode chamber o f  t he  c e l l s  (anode 
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feed) us ing  pumps. The e f f l u e n t  oxygen and hydrogen have t o  be separated from 
the  l i q u i d  water a t  t he  o u t l e t  o f  the module by the  use of phase separators.  
The anode feed design w i l l  p rov ide  h igher  e f f i c i e n c i e s ,  lower weight,  and 
smal le r  volume than the  s o l i d  polymer s t a t i c  feed system. Excess heat from 
the  module would be r e j e c t e d  through .heat exchanger r a t h e r  than a c o l d  p l a t e  
as used f o r  t he  s t a t i c - f e e d  system. 
A comparison o f  t h e  c h a r a c t e r i s t i c s  o f  t he  a l k a l i n e  (LSI)  and s o l i d  polymer 
a c i d  (HSD) systems i s  g iven i n  Table 3-9. The h igh  e f f i c i e n c y  o f  t he  a l k a l i n e  
sys tem would r e s u l t  i n  a space s t a t i o n  sys tem w i t h  low power consumptions and 
probably  no a c t i v e  cool  i n g  requ i  rements. C r i t i c a l  c o n t r o l  o f  ope ra t i ng  para- 
m e t e r s  would be requ i red  t o  prevent  contaminat ion o f  t he  sys tem w i t h  the  KOH 
e l e c t r o l y t e .  The a c i d  sol i d  polymer e l e c t r o l y t e  (SPE) system e l  e c t r o l y s i  s 
Table 3-9. Technical Comparison o f  E l  e c t r o l y s i  s Opt ions 
Opt ion  Advantages D i  sadvantages 
A1 k a l  i ne High E f f i c i e n c y  L im i ted  s tack  da ta  base 
E l e c t r o l v s i s  Low power requ i red  L im i ted  h igh  pressure 
Extens ive s i n g l e  c e l l  data da ta  
A l k a l i n e  f u e l  c e l l s  on s i  b l e  
Depressed dewpoi n t  ou tpu t  gas 
base KOH contaminat ion pos- 
Apol l o ,  S h u t t l e  
Ac id E l  e c t r o l  v s i  s- 
SPE anode-feed Extensive da ta  base High power requ i red  
Low e f f i c i e n c y  
Saturated ou tpu t  gas 
Pump/separation r e -  
Dei on i  ze r  requ i  red  
Heat r e j e c t i o n  sys tem 
High pressure i n  f i e l d ,  
submari ne se rv i ce  
qu i  r e d  
SPE s t a t i c  No pump/separators requ i red  Lowest e f f i c i e n c y  
cathode-feed No de i  on i  ze r  requ i  red  Highest  power requ i red  
Saturated ou tpu t  gas 
L im i ted  da ta  base, h igh  
Heat r e j e c t i o n  
pressure 
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c e l l  would be very rugged and durable bu t  would r e q u i r e  an a c t i v e  coo l i ng  sys- 
tem;  a d d i t i o n a l  components i n  the  form o f  pumps, separators ,  and dryers ;  and 
would have h igh  power supply needs. 
A comparison o f  t he  power needs o f  the  systems descr ibed i s  shown i n  
Table 3-10. 
Table 3-10. Power Requirements and Heat Re jec t ion  
Character i  s t i  cs o f  E l  e c t r o l y s i  s Sys tems  
Gas Product ion Rate = 1.8 l b / h  
S t a t i c  Feed Anode Feed S t a t i c  Feed 
U n i t  HSD HSD LSI 
Power Consumption (kW) 8.37 6.54 4.08 
Heat Re jec t i on  (kW) 4.32 2.50 0.12 
3.4.1 LSI T e s t  Hardware Descr iDt ion  
A schematic of L S I ' s  SFE i s  prov ided i n  F igure 3-26, w h i l e  F igure  3-27 i s  a 
photograph o f  the  u n i t .  
s t a t i c  feed water e l e c t r o l y s i s  module (SFWEM). From the  module, t he  product  
gases pass through the  pressure con t ro l  assembly (PCA) which moni tors  and 
ad jus ts  SFE pressures t o  ma in ta in  proper  d i f f e r e n t i a l  pressures between the  
02*  H 2 ,  and water feed c a v i t i e s  o f  the  SFWEM. A coo lan t  c o n t r o l  assembly 
(CCA) c i r c u l a t e s  water feed c a v i t y  f l u i d  through the  SFWEM f o r  water feed and 
thermal c o n t r o l .  The water i s  suppl ied t o  the  SFWEM by a pressur ized,  c y c l i c -  
a l l y  f i l l e d  water supply tank.  The f i l l  cyc le  o f  the  water tank  and the  capa- 
b i l i t y  f o r  N2 purg ing  o f  both the O2 and H2-containing c a v i t i e s  o f  the  
SFWEM are  c o n t r o l l e d  by the  f l u i d s  c o n t r o l  assembly (FCA). A Cont ro l /Mon i to r  
Ins t rumenta t ion  (C/M I )  Model 360 was used t o  p rov ide  automat ic mode and mode 
t rans1 t i o n  c o n t r o l  and se l f -p ro tec t i on .  
The products O2 and H2 a re  generated i n  the  
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TANK VENT 
Potable W o t a r  t r o m  Water  Yonap*m*nt System. 
Included t o r  Sanmor oedlcot*d Shutdown Unlt [SDSU). 
F r o m  TSA N 2 P u r g d O 2  Slda Backup. 
F r o m  TSA N 2 Purge/HZ Slda Backup. 
Figure 3-26. Mechanical Schematic (SFE-3) 
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Figure  3-27. L i  f e  Systems S t a t i  c Feed E l  e c t r o l y z e r  
3.4.2 HSD Test  Hardware Descr iDt ion  
A schematic o f  the  HSD SPE s t a t i c  water feed e l e c t r o l y s i s  subsystem i s  shown 
i n  F igure  3-28. F igure  3-29 i s  a photo o f  t he  f i v e  c e l l  e l e c t r o l y s i s  u n i t .  
The SPE oxygenlhydrogen generat ing subsystem e l e c t r o l y z e s  water t o  produce 
oxygen and hydrogen gases a t  a maximum pressure o f  1,000 and 960 ps ia ,  
respec t i ve l y .  I t  consis ted o f  a process package t h a t  inc luded t h e  SPE SFWEM, 
a dc power supply t h a t  prov ided the  power necessary f o r  e l e c t r o l y s i s ,  a metal 
bel lows accumulator w i t h  two 3-way valves t o  p ressur ize  the  feedwater, a 
d r i v e r  box which prov ides e l e c t r i c a l  power and s igna l  c o n d i t i o n i n g  f o r  var ious 
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components i n  the  process package and pe rm i t ted  mode mon i to r  and c o n t r o l  v i a  
the  t e s t  bed Data General computer, and a c o n t r o l l e r  which communicated w i t h  a 
Radio Shack TRS-80 Model 4D personal computer ( s e e  F igure  3-30). The process 
package, d r i v e r  box, and c o n t r o l l e r  w e r e  a l l  mounted on an aluminum frame, 
w h i l e  the  metal be l lows accumulator and valves w e r e  inc luded as a separate 
package. The components were  enclosed i n  a c a n i s t e r  t o  i s o l a t e  them from 
vacuum condi t i  ons . 
0 
The SPE subsystem i n t e r f a c e d  w i t h  a Radio Shack TRS-80 personal  computer as 
shown i n  F igure  3-30. The TRS-80 provided: 
1 .  command s igna ls  t o  a c t i v a t e  the  SPE system, 
2.  cau t i on  and warning alarms enunciat ion and d i sp lay ,  and 
3. s ta tus  moni t o r i  ng. 
The SPE d r i v e r  box t o  Data General i n t e r f a c e  a l lowed the t e s t  bed Data General 
c o n t r o l l e r  t o  have complete c a p a b i l i t y  t o  moni tor  and c o n t r o l  t he  SPE subsys- 
t e m  i n  the  p ropu ls ion  t e s t  f a c i l i t y .  
o the r  subsystems change t h e i r  opera t ing  s ta tus ,  the  Data General could con- 
f i g u r e  the  o t h e r  subsystems t o  the  proper  corresponding mode f o r  proper  opera- 
t i o n  o r  sa fe ty .  
I f  the  SPE subsystem o r  any one o f  t he  
0 
3.5 THRUST MEASURING SYSTEM DESIGN SUMMARY 
A t h r u s t  measuring system ( F i g u r e  3-31) for  use on the  t e s t  bed was added t o  
t he  cont rac t .  T h i s  was designed and f a b r i c a t e d  a t  Rocketdyne for e i t h e r  h o r i -  
zon ta l  o r  v e r t i c a l  use and was t o  be c a l i b r a t e d  remote ly  a t  vacuum cond i t ions  
w i t h  t h r u s t e r  p r o p e l l a n t  l i n e s  pressur ized  t o  remove a l l  ex te rna l  load  ef fects .  
The t h r u s t  sys tem was de l i ve red  t o  MSFC and on the  t e s t  bed i n s t a l l e d  i n  
February 1987. 
formed i n  March. 
the  t e s t  bed. 
sys t e m .  
The f i r s t  t h r u s t e r  f i r i n g s  t o  o b t a i n  da ta  from i t  were per-  
F igure  3-32 shows the  t h r u s t e r  mounted w i t h  t h r u s t  s y s t e m  on 
Appendix A inc ludes  the  d e t a i l  drawings o f  the  t h r u s t  measuring 
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Figure 3-31. Thrust Measuring System Before Installation in Test Bed 
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I n i t i a l  t e s t  data r e s u l t s  i nd i ca ted  a discrepancy o f  about 3 l b  between the  
c a l c u l a t e d  and measured values. A s e r i e s  of  c a l i b r a t i o n  checks were  made 
which revealed t h a t  the  mount on the  stand was f l e x i n g ,  thereby a l l ow ing  the  
e n t i r e  t h r u s t  sys tem t o  move. The movement in t roduced a d d i t i o n a l  load paths 
through the  propel  l a n t  plumbing which reduced the  load c e l l  readings. Addi- 
t i o n a l  braces were added t o  the  t e s t  bed mounting, and the  movement was 
reduced t o  acceptably  low l e v e l s .  The t h r u s t  c a l i b r a t i o n  and measuring sys- 
tems  were shown t o  be working w i t h i n  0.1% and t h e  da ta  was expected t o  be 
w i  t h i n  1% i n c l u d i n g  any res idua l  movement. 
5770Kltab 
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4.0 25- lb f  THRUSTER MODIFICATIONS AND TESTING 
I n  e a r l y  1986 the  a v a i l a b i l i t y  o f  t h r u s t e r s  f o r  use w i t h  the  t e s t  bed a t  the 
h igh  m ix tu re  r a t i o  (8 : l )  needed f o r  water e l e c t r o l y s i s  became a c r i t i c a l  
i ssue.  To demonstrate the  f e a s i b i l i t y  o f  opera t ion  a t  t h i s  l e v e l ,  funding was 
added t o  modi fy  a t h r u s t e r  t h a t  Rocketdyne had supp l ied  t o  NASA-MSFC f o r  t e s t -  
i n g  a t  m ix tu re  r a t i o  4 : l .  A redesigned i n j e c t o r  .was f a b r i c a t e d  and the  e x i s t -  
i n g  t h r u s t  chamber (F igure  4-11, which had a l ready  been f i r e d  f o r  over  12 h, 
was modi f ied.  F igure  4-2 shows the  o v e r a l l  arrangement o f  t he  redesign (pro- 
t o t ype )  and i n d i c a t e s  the  ins t rumenta t ion  l oca t i ons .  
The pro to type t h r u s t e r  was suppl ied t o  MSFC i n  A p r i l  1986 and a t e s t  s e r i e s  
was c a r r i e d  o u t  i n  t e s t  stand A-300 by MSFC personnel w i t h  Rocketdyne support  
present .  A summary o f  t he  t e s t i n g  i s  presented i n  Tables 4-1 and 4-2. The 
p ro to type  t h r u s t e r  assembly was f i r e d  a t  a nominal chamber pressure o f  100 
ps ia ,  a p r o p e l l a n t  m ix tu re  r a t i o  o f  8 : l  and a t  vacuum cond i t ions .  A t o t a l  of 
11.1 h f i r i n g  t i m e  was accumulated i n  11 t e s t s  w i t h  one 6.1 h continuous run  
performed. The p o s t t e s t  hardware c o n d i t i o n  was excel 1 ent .  
0 
The t e s t  r e s u l t s  sec t i on  d i sp lays  pro to type t h r u s t e r  t e s t  bed t e s t i n g  r e s u l t s  
and Reference 1 has a complete d iscuss ion of a l l  25 l b f  t h r u s t e r  operat ions.  
To i l l u s t r a t e  the  c a p a b i l i t y  of the  pro to type t h r u s t e r  t o  work w i t h  the  t e s t  
bed o r  f l i g h t  sys tem,  a m i x t u r e  r a t i o  excurs ion was conducted (F igure  4-3). 
Pressure response during this test i s  shown in Figure 4-4 and thermal perfor- 
mance i n  F igure  4-5. 
Based on the  r e s u l t s  o f  these t e s t s ,  t he  pro to type t h r u s t e r ,  w i t h  s l i g h t  addi-  
t i o n a l  p repara t ion ,  was ready f o r  i n t e g r a t i o n  i n t o  the  t e s t  bed and t e s t i n g  
w i t h  t h e  e l e c t r o l y s i s  sys tem which operated a t  a m ix tu re  r a t i o  o f  8: 1.  
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Figure 4-1. Rocketdyne Prototype 8 : l  Thruster 
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Figure 4-2. Prototype 
6003,6027. 
6028.6029 4957-31 
25-1 b f  G02/GH2 Thruster 
Table 4-1. Prototype 25-lbf G02/GH2 Thruster Test Summary (MR = 8) 
TEST FACILITY 
THRUSTER CONFIGURATION 
ACCUMULATED RUN DURATION (h) 
NASA MSFC TEST STAND 300 VACUUM TEST CELL 
COAXIAL INJECTOR WITH COPPER FACE, DOWN- 
PASS COOLING OF THRUST CHAMBER, 40% BLC 
11.5 
TOTAL IMPUSE AT MR = 8 (Ib-S) 
MAXIMUM RUN DURATION AT MR = 8 (h) 
1.0 MILLION 
6.1 
11.1 TOTAL RUN DURATION AT MR = 8 (h) 
MIXTURE RATIO RANGE 
C' EFFICIENCY AT MR = 8 (%) * 
TRAVERSED FROM 7.9 TO 5.1 DURING 1500 s TEST 
91 
ESTIMATED VACUUM Isp AT MR = 8 ( E  = 30) (S) 
THRUST (CALC) AT MR = 8 ( E  = 30) (Ibf) 
CONDITION OF HARDWARE FOLLOWING TESTS 
360 
27 
EXCELLENT 86D-9-732 
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a 
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Table 4-2. High Mix tu re  Ra t io  T e s t  Summary 
TEST 
NUMBER TEST DATE 
P102-155 4-21 -86 
156 
157 
158 4 - 2 2 - 8 6 
159 
161 
162 
163 
164 4-23-86 
165 
166 
TEST NO.P102 0164 
TEST 
MIXTURE D U RAT1 ON 
RATIO (4 
8 2 
8 10 
8 22 
7.8 10 
8.1 30 
7.9 60 
8.1 600 
8.0 12,640 
7.9-5.1 1,500 
8.2 4,500 
8.0 22,000 
TOTAL 41 -374 
86D-9-733 
j, HR0002 MIXTURE RATIO EXCURSION 
** 4 /23 /e6 113: 10: 7: 23.164 
F igure  4-3. Mix tu re  Ra t io  Excursion 
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TEST NO.Pl02 0164 ** 4 /23 / e6  113: I O :  7: 23.164 
1 PB014 PSIA GOX INJECTOR PRESSURE 2 PBOlS PSIA GH2 INJECTOR PRESSURE 
-3- P6017 PSIA THRUSTER CHAMBER PRESSUR 4 P0020 PSIA GH2 INJECTION MANIFOLO P 
a 
H cn 
R 
860-9-735 
Figure 4-4. Thruster Pressure Response 
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TEST NO.Pl02 0164 ** 4 /23 /66 113: 10: 7: 23.164 
I T6002 OEGF GH2 EXHAUSTLINE MANIFOLO 2 T8010 DEGF GH2 MANIFOLO INLET TEMP 
-3- T6028 DEGF GH2 INJECT. MANIFOLD TEM 4 TB003 OEGF GH2 NOZZLE MANIFOLD TEMP 
n . - -  - L
e" - 
L 
6-0 150.0 300.0 450.0 800.0 750.0 900.0 1050.0 1200.0 1350.0 1500.0 
TIME - SECONDS 
86D-9-736 
F i g u r e  4-5. Thruster  Thermal Performance (Sheet  1 of  4 )  
RI/RD89-104 
102 
TEST NO.Pl02 0164 ** 4 /23 /E6 113: I O :  7: 23,164 
I T0004 OEGF THROAT OUTER WALL TEMP 2 T8012 OEGF THROAT OUTER WALL TEMP 
3- T8927 OEGF THROAT OUTER WALL TEMP 
0 .^0 150 .0  300.0 459.0 600.0 750.0 800.0 1950.0 1200.0 1350.0 1500.0 
TIME - SECONDS 
86D-9-737 
Figure 4-5. Thruster Thermal Performance (Sheet 2 of 4)  
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TEST NO.Pl02 0164 ** 4 /23 /86 113: I O :  7: 23.164 
I T6005 OEGF THRUST CHAMBER FLANGE 2 T6030 DEGF THRUST CHAMBER FLANGE 
3 T6028 DEGF THRUST CHAMBER OUTER WAL 4 TB029 DEGF THRUST CHAMBER FLANGE 
W a: 
3 
l- 
a: 
W a r 
W 
I- 
a 
o ; o  150.0 300.0 450.0 800.0 750.0 800.0 1050.0 1200.0 1350.0 i5oa.o 
TIME - SECONDS 
860-9-738 
Figure 4-5. Thruster Thermal Performance (Sheet 3 of 4) 
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2 THRUST CHAMBER OUTER WALL 
4 THRUST CHAMBER FLANGE 
6 GH2 NOZZLE MANIFOLD TEMP 
8 THROAT OUTER WALL TEMP 
GH2 INJECTOR MANIFOLD TEMP 
THROAT OUTER WALL TEMP 
GH2 CHAMBER EXIT MANIFOLD 
THRUST CHAMBER FLANGE 
h 
8 m 
F igure 
r I I I I I I I - 
0 0  12 0 24 0 36 0 40 0 60 0 72 0 84 0 
TIME ( s )  
4-5. Thruster  Thermal Performance (Sheet 4 of  4)  
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5.0 TEST RESULTS 
Acceptance t e s t s  o f  the  propu ls ion  module were conducted i n  October and e a r l y  
November 1986 ( t e s t s  001 through 003). The sequence was designed t o  s imulate 
t h r u s t e r  and r e s i s t o j e t  f i r i n g  by b leed ing  the  gas through dump valves.  Since 
the  o r i g i n a l  design was f o r  a 4 : l  m ix tu re  r a t i o  t h r u s t e r ,  t he  acceptance t e s t s  
w e r e  performed a t  those cond i t ions .  
Fol lowing the  acceptance t e s t s  the  Rocketdyne 25-1 b f  p ro to type t h r u s t e r  was 
i n s t a l l e d  i n  the  t e s t  bed. A s e r i e s  o f  t e s t s  ( t e s t s  004 through 024) were 
performed s t a r t i n g  i n  December 1986 cu lmina t ing  w i t h  a 291 s t h r u s t e r  f i r i n g .  
The e l e c t r o l y s i s  sys tem t e s t i n g  ( t e s t s  025 through 028) began i n  e a r l y  J u l y  
1987 w i t h  a complete LSI 350-psig e l e c t r o l y s i s  sys tem checkout t e s t  i n c l u d i n g  
opera t i on  o f  t he  dryers .  The LSI 350-psig e l e c t r o l y s i s  t e s t  was begun i n  l a t e  
Ju l y .  The t e s t  proceeded f o r  th ree  days u n t i l  system pressures dropped 
sharp ly ,  i n d i c a t i n g  1 eakage i n  the  gaseous hydrogen system. Subsequent checks 
revealed KOH i n  the  l i n e s  upstream o f  the  d rye r  because o f  a ma l func t ion  i n  
the  e l  e c t r o l y s i  s un i  t, apparent ly  caused by pressures erroneously  appl i ed t o  
purge p o i n t s .  The KOH had at tacked components i n  the  system plumbing, causing 
leakage. The t e s t  was considered a q u a l i f i e d  success i n  t h a t  gas was produced 
and d e l i v e r e d  t o  the  s torage tanks a t  up t o  160 p s i g  under automat ic c o n t r o l  
p r i o r  t o  the  mal func t ion .  
The HSD 1,000-psi u n i t  was i n s t a l l e d  in l a t e  October 1987. The t e s t  s e r i e s  
( t e s t s  075 through 092) was s t a r t e d  on October 22 and completed successful  
opera t ion  on December 1 w i t h  a 175 s f i r i n g  o f  t he  25- lb f  t h r u s t e r  us ing  the  
gases generated a t  1,000 p s i a  by the  e l e c t r o l y s i s  u n i t .  
P r i o r  t o  and f o l l o w i n g  complet ion of t he  HSD e l e c t r o l y s i s  t e s t s ,  t e s t s  029 
through 074 and t e s t s  093 through 188 were  conducted on f l i g h t - t y p e  t h r u s t e r s  
designed f o r  NASA-LeRC con t rac t  NAS3-25142 represent ing  an updated vers ion  o f  
the  pro to type t h r u s t e r .  These t h r u s t e r s  were f a b r i c a t e d  by Rocketdyne f o r  
NASA-LeRC and are  descr ibed i n  Reference 1. Up t o  14 t e s t s  per  day w e r e  
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performed s imu la t i ng  mu1 t i p l e  f i r i n g s  o f  the  system. Experimental low-heat- 
f l u x  i n j e c t o r s  and advanced i g n i t i o n  sys tems f o r  the  25- lb f  t h r u s t e r  w e r e  a l so  
eval uated. 
A summary o f  a l l  t e s t s  performed on the t e s t  bed i s  presented i n  Appendix B .  
A d e t a i l e d  d iscuss ion  o f  t h r u s t e r  t e s t  r e s u l t s  i s  inc luded i n  Reference 1. 
Fo l low ing  complet ion o f  t he  t h r u s t e r  t e s t s ,  the  t e s t  bed was removed from the 
vacuum chamber and s tored.  
With the  a c t i v a t i o n  and opera t ion  o f  t he  WEUs on the  t e s t  bed, t he  f i r s t  s i m -  
u l a t i o n  o f  t he  space s t a t i o n  base l ine  propu ls ion  s y s t e m  prov ides assurance and 
data f o r  t he  f l i g h t  design, and demonstrates the  techn ica l  readiness o f  t h i s  
cos t -e f fec t i ve ,  safe,  high-performance system. A l l  major hardware components 
and c o n t r o l  systems were  represented, producing da ta  d i  r e c t l y  appl i cab1 e t o  
the  f u t u r e  design and development o f  the  f l i g h t  p ropu ls ion  system. Successful 
opera t ion  o f  t he  end-to-end propu ls ion  system was demonstrated. 
5.1 PROPULSION MODULE TESTING 
P r i o r  t o  ac tua l  t e s t i n g  several  checkout opera t ions  were performed. The con- 
t r o l  s y s t e m  was tes ted  i n  several  ways t o  v e r i f y  s a t i s f a c t o r y  opera t ion .  The 
sys tem sof tware and hardware -were v e r i f i e d  by runn ing  a checkout t e s t  program 
which cyc led  a l l  the  system sof tware commands and inpu t /ou tpu t  channels. The 
t ransducer  channels were a l l  v e r i f i e d  by comparing the  r e s u l t a n t  da ta  t o  t h a t  
from s i m i  l a r l y  l oca ted  channels on the  t e s t  f a c i  1 i t y  data  acqui s i  t i o n  system. 
A s e r i e s  o f  preacceptance, acceptance, and sys tem eva lua t i on  t e s t s  were con- 
ducted on the  space s t a t i o n  p ropu ls ion  t e s t  bed. Redundant i ns t rumen ta t i on  
systems were  prov ided f o r  t he  data record ing  f u n c t i o n  and the  c o n t r o l  f unc t i on .  
The i n i t i a l  acceptance t e s t  (P103-2) was conducted us ing  gaseous n i t r o g e n  
(GN2) t o  s imulate oxygen and gaseous hel ium (GHe) t o  s imu la te  hydrogen. The 
t e s t  was conducted us ing  the sequence o f  Table 5-1. The sequence d e s c r i p t i o n  
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Tab1 e 5-1 . I n i  t i a l  Acceptance T e s t  Sequence 
T i  me Valve 
(Re1 a t i v e )  I d e n t  i f i c a t  i on 
(SI Event (F igure  3-10) 
0.25 
1.20 
15.80 
15.88 
29.18 
29.26 
48.82 
71.16 
121.18 
126.16 
688.02 
688.02 
728.00 
Hydrogen and oxygen accumulator o u t l e t  valves 
open 
I n i  t i  a t e  hydrogen 1 i ne p ressu r i  t a t 1  on 
Hydrogen l i n e  p r e s s u r i z a t i o n  complete 33 
I n i t i a t e  oxygen 1 i n e  p ressu r i za t i on  
Oxygen 1 i ne p r e s s u r i z a t i o n  complete 33 
31 
33 
33 
I n i t i a t e  r e s i s t o j e t  l i n e  p r e s s u r i z a t i o n  42 
R e s i s t o j e t  l i n e  p ressu r i za t i on  complete 42 
I n i  t i  a t e  
Complete 
I n i  ti a t e  
Complete 
I n i t i a t e  
Faci 1 i t y  
r e s i  s t o j e t  C 
r e s i  s t o j e t  f i r i n g  $ C  
t h r u s t e r  f i  r i n g  A&B 
t h r u s t e r  f i  r i n g  A&B 
t e s t  bed s a f i n g  - 
t e s t  bed s a f i  ng - 
@ was i n i t i a t e d  a f t e r  the  hydrogen and oxygen accumulators were  charged from a 
f a c i l i t y  supply. Representat ive t y p i c a l  data from t h i s  t e s t  a re  g iven i n  Fig- 
ures 5-1 and 5-2. F igure  5-1 shows the  accumulator pressure and temperature 
and the  v e n t u r i  and t h r u s t e r  i n l e t  pressures f o r  t he  o x i d i z e r  system. The 
same data  a re  g iven i n  F igure  5-2 f o r  t he  hydrogen system. The t e s t  was 
terminated when the  o x i d i z e r  tank pressure decayed t o  300 ps ia .  A comparison 
between the  measured and ca l cu la ted  tank pressures a re  g iven i n  F igure  5-3. 
The ca l cu la ted  values were  based on an 80% isothermal  cond i t i on .  
GO2 and GH2 were used as the  t e s t  f l u i d s  on the  f i n a l  accep tance ' tes t .  
These da ta  a re  presented i n  Figures 5-4 through 5-9. F igure  5-4 shows the  
GO2 accumulator pressure.  F igure  5-5 g ives t h e  same pressure da ta  for t he  
GH2 system. Temperature da ta  a re  g iven i n  F igures 5-6 and 5-7 f o r  the  ox i -  
d i z e r  system and i n  F igures 5-8 and 5-9 for t he  hydrogen system. 
s y s t e m  c h a r a c t e r i s t i c s  w e r e  the  same f o r  both the  n i t r o g e n  and oxygen u s e  
The o x i d i z e r  
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Figure  5-1. Ox id i ze r  Sys tem Blowdown Data 87D-13-499 
(GN2 Used i n  Place o f  GOX) 
TEST NO. P103 10/14/86 287:15:27:1.303 
I 1 LEGEND: 
O P7007 PSlG H2 ACCUMULATOR PRESSURE 1050rF\ 1; Rz ,S,, H2 VENTURI INLET PRESSURE 1 
945 0 P7011 PSlG H2 THRUSTER INLET PRESSURE 
H2 VENTURI INLET TEMPERATURE 
840 1 
5251 420 
I - I  I 
87D-13-500 
F igure  5-2. Fuel System Blowdown Data 
(GHe Used i n  Place o f  GH2) 
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Figure 5-3. Comparison of Tank Pressures from 
Blowdown Versus Theoretical 80% Isothermal 
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Figure 5-4. Oxidizer Accumulator Pressure 
During Acceptance Test 
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F igure  5-5. Fuel Accumulator Pressure 
Dur ing Acceptance T e s t  
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F igure  5-6. Ox id i ze r  Accumulator O u t l e t  
Temperature Dur ing Acceptance T e s t  
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F i  gure 5-7. O x i d i z e r  Accumul a t o r  Ski n 
Dur ing  Acceptance T e s t  
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f l u i d s ,  as expected.  However, t h e  hydrogen and he l ium t e s t s  e x h i b i t  d i f f e r e n t  
thermal cha rac te r i  s t i  cs. Thi s was a1 so expected and the  observed thermal and 
hydraul  i c d i f f e rences  were  p red ic tab le .  
Fo l low ing  the  acceptance t e s t s ,  t he  Rocketdyne 25- lb f  p ro to type t h r u s t e r  (F ig-  
u re  5-10) was i n s t a l l e d  i n  the  t e s t  bed. To t u r n  the  exhaust gas away from 
the  c e l l  f l o o r ,  a f a c i l i t y  water-cooled exhaust duc t  was p laced beneath the  
engine shown i n  F igure  5-11. Minor mod i f i ca t i ons  were  made t o  the  t e s t  bed 
plumbing t o  run  the  t h r u s t e r  a t  the  new design p o i n t  o f  8 : l  m ix tu re  r a t i o .  A 
s e r i e s  o f  t e s t s  were  conducted on the  sys tem i n  December 1986, cu lmina t ing  
w i t h  the  t h r u s t e r  f i r i n g  f o r  291 s, the  oxygen tank maximum d u r a t i o n  a t  these 
condi t i o n s .  
To demonstrate the  t o t a l l y  automated c a p a b i l i t y  o f  the  system, one o f  the  fir- 
ings du r ing  the  t h r u s t e r  s e r i e s  was performed from C a l i f o r n i a .  A f t e r  setup 
was completed, c o n t r o l  o f  the  sys tem was switched t o  the  Rocketdyne remote 
te rmina l  and a 5 s t h r u s t e r  f i r i n g  was s a t i s f a c t o r i l y  conducted from a 
2,000-mi d i  stance . 
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Figure  5-10. Rocketdyne Prototype 8 : l  Thrus ter  
5.2 THRUSTER PERFORMANCE RESULTS 
The p ro to type  t h r u s t e r  data summarized i n  the  t h r u s t e r  mod i f i ca t i ons  p o r t i o n  
(Sec t ion  4.0) of t h i s  r e p o r t  were used as a base l ine  f o r  combustion per for -  
mance (C*) t o  p r e d i c t  the  performance o f  the  LeRC t h r u s t e r .  The JANNAF per- 
formance p r e d i c t i o n  codes and a Rocketdyne boundary l a y e r  l oss  model were  used 
t o  complete the  performance modeling. 
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The r e s u l t s  o f  t he  s p e c i f i c  impulse modeling p r e d i c t i o n s ,  based on the  pro to-  
type measured C* performance, a re  shown i n  F igure 5-12. The JANNAF p r e d i c t i o n  
i n d i c a t e s  a s p e c i f i c  impulse o f  406 s and 346 s a t  mix tu re  r a t i o s  o f  3 and 8,  
r e s p e c t i v e l y .  The Rocketdyne boundary l a y e r  l oss  model p r e d i c t s  a 7 s loss 
over the  m ix tu re  r a t i o  range. The p red ic ted  curve i n t e r s e c t i n g  345 s a t  MR = 
8 (minimum requirement)  has been used i n  performance graphs as a re ference 
(F igu re  5-1 3 ) .  The corresponding t h r u s t  c o e f f i  c i  en t  and t h e o r e t i  ca l  C* pre- 
d i c t i o n  are  shown i n  F igure  5-14. 
S p e c i f i c  impulse ca l cu la ted  from the t e s t  bed t h r u s t  data, cor rec ted  f o r  
t h r u s t  data s c a t t e r  us ing  procedures descr ibed i n  Reference 1 ,  a re  presented 
i n  F igure  5-15 f o r  the pro to type i n j e c t o r  i n s t a l l e d  i n  the  LeRC 2 t h r u s t  
chamber. 
s l i c e  o f  approximately 20 s .  
The t h r u s t e r  cor rec ted  s p e c i f i c  impulse data a re  presented a t  a t i m e  
The data f o l l o w  the  p red ic ted  curve q u i t e  w e l l .  
F igure  5-16 d i sp lays  a t y p i c a l  s t a r t  and shutdown sequence t h a t  can be ex-  
pected from the  25- lb f  t h r u s t e r .  The t e s t  data v e r i f i e d  t h a t  a s p e c i f i c  
impulse o f  380 s a t  an opera t ing  mix tu re  r a t i o  o f  8 can reasonably be expected 
form a f l i g h t - t y p e  t h r u s t e r  design. Reference 1 conta ins a complete discus- 
s ion  o f  t h r u s t e r  performance parameters and c h a r a c t e r i s t i c s .  e 
5.3 ELECTROLYSIS MODULE TESTING 
With the  a d d i t i o n  of  water e l e c t r o l y s i s  t o  the  base l ine  space s t a t i o n  sys tem 
as the p r o p e l l a n t  supply, the  need f o r  an e l e c t r o l y s i s - s y s t e m  opera t ion  on t h e  
t e s t  bed became apparent. An e l e c t r o l y s i s  modul e was designed and f a b r i  cated 
a t  Rocketdyne t o  f i t  on top  o f  the  e x i s t i n g  t e s t  bed p ropu ls ion  module cube. 
Major components tes ted  on the  module i nc lude  Arde s t e e l  tanks,  S C I  g raph i te  
wrapped tanks, a LSI e l e c t r o l y s i s  u n i t ,  and a HSD e l e c t r o l y s i s  u n i t .  
The module a l s o  inc luded can is te rs  t o  conta in  each o f  t he  a v a i l a b l e  WEUs 
because they were  n o t  operable i n  a vacuum. Molecular-s ieve dryers  designed 
by Boeing and f a b r i c a t e d  a t  MSFC and mois ture analyzers supp l ied  by Mar t i n  
w e r e  a l s o  inc luded on the module. 
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Figure 5-12. Specific Impulse Performance 
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Figure 5-13. Effect of Chamber Pressure on 
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During electrolysis module tests, electrolysis operation was initiated by a 
test bed controller system command to the electrolysis unit controller. Fol- 
lowing an electrolysis transition period, oxygen and hydrogen gas were gen- 
erated. Table 5-2 shows the steady-state flow rates for the LSI 350-psia and 
HSD 1,000-psia systems. The hydrogen dryer saturates approximately twice as 
fast as the oxygen dryer (5.58 h versus 11.17 h). As a result of their higher 
saturation rate, the hydrogen dryers paced the primary and secondary dryer 
switching sequence. For example, during the LSI 350-psia test, the secondary 
dryer alternated into the system with the primary dryers i n  6-h increments. 
During the 6 h that the secondary dryers were being saturated, the primary 
dryers were exposed to 450°F and vacuum. The primary and secondary dryers 
alternated into the system throughout test until the accumulators reached the 
electrolysis operating pressure, either 350 psia or 1,000 psia. At this 
point, the electrolysis units were powered down, the accumulators locked off, 
and the manifolds vented. A thruster test was subsequently performed utiliz- 
i ng the el ectrolysi s-generated oxygen and hydrogen. 
Data acquisition during test was totally automated. A1 1 control parameters 
except the electrolysis units were recorded on the control system. The elec- 
trolysi s uni ts were control 1 ed via their own control 1 ers which a1 so monitored 
their parameters. The control system recorded data on hard disk for periodic 
d u m p  to floppy disks during test or at the end of test. The LSI controller 
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Table 5-2. Summary o f  Dryer Satura t ion  Performance as a Funct ion o f  
Product Gas Water Vapor Flow Rate e LSI U n i t  HSD U n i t  
Minimum Design Maxi mum Maxi mum 
Product Flow T ime  Flow T i m e  Flow T i m e  Flow T i  me 
Gas (pph) (h)  (pph) (h) (pph) (h)  (pph) (h /d)  
Oxygen 0.0001 20.1 0.0018 11.17 0.0029 6.93 0.00015 160.8/6.7 
Hydrogen 0.0019 10.6 0.0036 5.58 0.0057 3.53 0.00031 77.8/3.24 
Note: 1 .  LSI u n i t  opera t ing  a t  350 p s i a  and 130°F. 
2.  HSD u n i t  opera t ing  a t  1,000 p s i a  and 120°F. 
3. Dryer s a t u r a t i o n  t i m e  = l b  o f  absorbed water/lOO-lb MOL S I E V E  + 
q u a n t i t y  of MOL SIEVE/moisture f low r a t e  where l b  o f  absorbed 
water/lOO-lb MOL S I E V E  = 0.15 (LSI ) ,  0.018 (HSD) 
Quan t i t y  of MOL S I E V E  = 1.34 l b  
Mo is tu re  f l o w  r a t e  = f u n c t i o n  of ope ra t i ng  p o i n t  and product  
gas ou tpu t .  
recorded on a PC f l o p p y  d i sk ,  which was converted t o  an I B M  fc-mat v i a  a sec-  
ondary d i s k .  The frequency of d i s k  changes i s  governed p r i m a r i l y  by the  con- 
t r o l l e r  sample ra tes .  The HSD c o n t r o l l e r  could l i n e  p r i n t  and record  on 
f l o p p y  d i s k  v i a  an I B M  AT. 
e 
5.3.1 LSI E l e c t r o l v s i s  T e s t  R e s u l t s  
The t e s t  program r e s u l t e d  i n  the  LSI u n i t  opera t ing  f o r  70 h a t  the  base l ine  
opera t i ng  cond i t ions .  Hydrogen produc t ion  du r ing  the  t e s t  was a t  a r a t e  o f  
2.98 x lo-' l b / h  and w i t h  a t o t a l  o f  2.09 l b  H2 generated, w h i l e  16.54 l b  
O2 w e r e  generated a t  an average produc t ion  r a t e  of 0.236 l b / h .  The H2 
s torage tank reached a pressure of 160.4 p s i a  w h i l e  the  O2 storage tank 
pressure reached 150.9 ps ia .  
Dur ing the  LSI t e s t i n g ,  the  longest  continuous run  was 60 h f rom 4:30 a.m. on 
07/28/87 t o  4 p.m. on 07/30/87. A s e r i e s  o f  p l o t s  a re  prov ided t o  d e p i c t  SFE 
t e s t  data.  
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F igure  5-17 dep ic t s  the  module vo l tage (E131 versus t i m e  i n  the  
t e s t .  To ta l  average vo l tage f o r  the  twelve c e l l  module remained 
s t a b l e  a t  19.7 V .  
Figure  5-18 dep ic t s  the  feedwater c i r c u l a t i o n  loop temperature ( T 1 )  
and module temperature (T2) versus t i m e  i n  the  t e s t .  Average feed- 
water loop temperature was 136°F. 
F igure  5-19 dep ic t s  the  feedwater pressure (P3) and sys tem pressure 
(P1) versus t i m e  i n  the  t e s t .  
F igure  5-20 dep ic t s  the  O2 t o  H2 d i f f e r e n t i a l  pressure (P2) 
versus t i m e  i n  the  t e s t .  The graph shows t h a t  two l a r g e  swings i n  
d e l t a  P occurred between 12 a.m. and 6 a.m. on 07/29/87. These 
l a r g e  d e l t a  Ps correspond t o  water tank f i l l s .  I t  i s  suspected t h a t  
t he  f a c i l i t y  N2 supply pressure r e g u l a t o r  may have begun t o  mal- 
f u n c t i o n  a t  t h i s  t i m e .  
A f t e r  complet ion o f  t he  t e s t ,  the  u n i t  was removed f rom the  t e s t  chamber and 
shipped back t o  LSI f o r  thorough p o s t t e s t  eva lua t ion .  The u n i t  was checkout 
tes ted  a t  LSI  f rom 11 September 1987 through 16 September 1987 f o r  a t o t a l  o f  
140 h o f  cont inuous opera t ion .  Module performance was normal. 
The SFE performed as designed producing H2 and O2 a t  i t s  design r a t e  o f  
2.98 and lO-’lb/h o f  H2 and 0.236 l b / h  o f  O2 w h i l e  ope ra t i ng  a t  315 
ps ia .  The t e s t s  were  successful  i n  demonstrat ing the  u n i t  as a p p l i e d  t o  the  
produc t ion  of t he  02/H2 p r o p e l l a n t  gases f o r  space s t a t i o n  propu ls ion .  
5.3.2 HSD E l e c t r o l v s i s  T e s t  R e s u l t s  
The t e s t i n g  o f  the  HSD e l e c t r o l y s i s  sys tem was a demonstrat ion o f  t he  end-to- 
end SSPS. A l l  elements o f  the  sys tem func t ioned i n c l u d i n g  f i r i n g  o f  the  
t h r u s t e r  us ing  the  e l e c t r o l y s i s  products s to red  i n  the  tankage prov ided.  The 
s t r u c t u r a l  composite g raph i te  filament-wound tanks were used t o  accumulate the 
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gases. F igure  5-21 d isp lays  the  tank pressures f o r  the  oxygen and hydrogen as 
a f u n c t i o n  of  t i m e .  The events l i s t e d  r e f e r  t o  Table 5-3. Tes t ing  began on 
17 November 1987 and cont inued around the c lock  u n t i l  25 November 1987, a t  
which t i m e  the  t e s t s  were terminated for t he  Thanksgiv ing ho l idays .  The 
hydrogen and oxygen tank pressure had r i s e n  t o  721 p s i a  and 661 p s i a  
respec t i ve l y .  
A t  t he  t ime o f  t e s t  t e rm ina t i on  13,125 min had elapsed s ince t e s t  s t a r t .  
Dur ing t h i s  pe r iod  11 shutdown o r  standby per iods,  f o r  a t o t a l  o f  1,898 min, 
had occurred as summarized i n  Table 5-3. A t o t a l  run  t ime o f  11,227 min or 
7 d, 19 h, 7 min o f  successful  sys tem opera t ion  had been logged f o r  the  e l e c -  
t r o l y s i  s system. 
The accumulated tank pressures decayed s l i g h t l y  t o  676 p s i a  f o r  the  hydrogen 
and 610 p s i a  f o r  t he  oxygen from 25 November t i l l  1 December 1987. To con- 
t i n u e  opera t i on  w i t h  the  e l e c t r o l y s i s  u n i t  w i t h  leakage occu r r i ng  was n o t  con- 
s idered  feas ib le .  The leakage would have precluded the  system from reaching 
the  1,000 p s i a  o b j e c t i v e .  To v e r i f y  t h r u s t e r  operat ions w i t h  the  e l e c t r o l y s i s -  
generated gases, a t h r u s t e r  t e s t  was performed. Test 103-091 was success fu l l y  
c a r r i e d  o u t  a t  a m ix tu re  r a t i o  o f  8 and a chamber pressure o f  100 p s i a  f o r  
175 s. 
e 
No performance o r  opera t ion  dev ia t i ons  were noted. 
Subsequent t o  the  t h r u s t e r  f i r i n g ,  t he  plumbing leaks were repa i red  and the  
accumulators were recharged. E l e c t r o l y s i s  opera t ion  was resumed on 2 December 
1987 at 9:15 p.m. with an objective o f  completing the high-pressure (nominal 
1,000 ps ia )  e l e c t r o l y s i s  s y s t e m  opera t ion  demonstration. The t e s t i n g  was 
terminated on 3 December 1987 a t  11:48 a.m. wi th  925 p s i a  i n  the  hydrogen tank 
( t h e  ta rge ted  va lve)  and 865 p s i a  i n  the  oxygen tank. A t o t a l  o f  873 min had 
elapsed w i t h  no shutdown o r  standby t ime accrued. 
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Tab1 e 5-3. HSD Electrolysis Test Shutdown/Standbv Summary 
(P1( 
DAY 
DATE 
TUES 
1 1 / 1 7  
WED 
1 1 / 1 8  
THU 
11/19  
FRI 
11 /20  
FRI 
1 1 / 2 0  
SN 
1 1 / 2 2  
m 
1 1 / 2 3  
rn 
1 1 / 2 3  
TUE 
1 1 / 2 4  
TUE 
1 1 / 2 4  
WED 
1 1 / 2 5  
WED 
1 1 / 2 5  
- 
rEST 
DAY 
-1.5 
- 2  
-3.5 
- 4  
- 4  
- 4  
-6.5 
- 7  
-8.5 
-8.5 
-9  
-9  
- 
DOWN TIME 
(REAL TIME) 
i:22p 
!:20p 
I :45p 
!:50a 
k15p 
!:OOa 
I:00a 
':15p 
I:57p 
0:05p 
i:O1 a 
):05a 
- 
- 
TO 
1 :43a 
2:47p 
2:45p 
1 :oop 
2:17p 
6:20a 
5:58a 
\1.:12F 
4:48p 
11:15~ 
6:15a 
- 
DOWN TIME 
(TEST TIME) 
21 62 
3360 
4765 
5550 
61 75 
8380 
9940 
10855 
I2097 
I2465 
2881 
3125 
- 
-
TO 
2483 
3387 
4825 
61 60 
6237 
8648 
I O O 5 t  
1109: 
I21 4t 
1253: 
1295: 
- 
.. 
-084) 
COMMENTS 
SHUTDOWN - TRS 80 
ACCIDENTLY TURNED OFF 
STANDBY - HSD WATER FILL 
(NOT RESET CORRECTLY FROM 
PREVIOUS SHUTDOWN) 
STANDBY - HSD CELL 
VOLTAGE NEAR R/L (V4) 
SHUTDOWN - DG DELTA TIME 
REACHED MAX LEAK CHECKS, 
H90 REPLACED 
STANDBY - LEAK CHECKS 
STANDBY - DG DATA 
TRANSFER 
VOLTAGE NEAR R/L (V4) 
STANDBY - HSD CELL 
SHUTDOWN - DG. ANOTHER DATA 
FILE STARTED, HSD SHUTDOWN 
RESTART REQUIRED PURGE - 
STANDBY - HSD CELL 
VOLTAGE NEAR R/L (V4) 
STANDBY - HSD CELL 
VOLTAGE NEAR R/L (V4) 
STANDBY - HSD CELL 
VOLTAGE NEAR R/L (V4) 
SHUTDOWN - HOLIDAY 
I~TOTAL TEST TIME ... 1312 
dTOTAL DOWN TIME ... 188 I' ?TOTAL RUN TIME .... 11% * .--I 
KwN 
TIME 
321 
c_ 
2 7  
6 0  
61 0 
6 2  
268 
118 
237 
5 1  
7 0  
7 4  
x 
IxWJ 
TIME 
321 
-
348 
408 
1018 
1080 
1348 
1466 
1703 
1754 
1824 
1898 
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A t o t a l  o f  8 d ,  9 h, 40 min o f  e l e c t r o l y s i s  u n i t  and sys tem opera t ion  had been 
accrued on the  HSD e l e c t r o l y s i s  sys tem.  The hydrogen and oxygen gases w e r e  
accumulated t o  925 p s i a  and 865 p s i a  respec t i ve l y .  A 175 s t h r u s t e r  f i r i n g  
was performed us ing  the  products o f  e l e c t r o l y s i s  w i t h  no performance or opera- 
t i o n a l  dev ia t i ons  observable.  The e l e c t r o l y s i s  t e s t i n g  was considered suc- 
cess fu l  and t o  have m e t  t he  ob jec t i ves  o f  demonstrat ing opera t ion  up t o  1,000 
ps ia .  
5770K/ 1 j m  
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APPENDIX A 
The major component and assembly drawings created f o r  f a b r i c a t i o n  and assembly 
o f  t h e  t e s t  bed a r e  inc luded i n  t h i s  appendix. The appendix i s  d i v ided  i n t o  
t h r e e  sect ions,  t h e  propu ls ion  module, the  e l e c t r o l y s i s  module, and t h e  t h r u s t  
measurement system. The drawings are arranged i n  numerical order .  
SL 
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Sect ion A-1 . This sec t ion  contains a1 1 the drawings necessary for t he  assem- 
The drawings are l i s t e d  i n  Table 4b b l y  o f  the propu ls ion  module. A-1 . 
Tab1 e A-1 . Propul s ion  Modul E Drawings 
7R030295 Accumulator Module Assembly 
7R030294 Schematic 
45454 Oxygen Accumulator 
45455 Hydrogen Accumulator 
7R030291 Contro l  Assembly - H2/02 
7R030292 Contro l  Panel Assembly - R e s i  s t o j e t  
7R032252 
7R032251 Instrumentation/Control Assembly 
7R032250 Ins t rumenta t ion  Cabl ing 
7R032248 Ins t rumenta t ion  Box Assembly 
7R032249 Cont ro l  Box Assembly 
7R030283 Module S t ruc tu re  Assembly 
7R030289 Contro l  Panel - H2/02 
7R030290 Contro l  Panel - Res! s t o j e t  
I n s t a l l a t i o n  T e s t  Bed Computer Contro l  Sys tem Assembly 
7R030293 Thrus te r /Res is to je t  Support Assembly 
7R030296 Component Panel Support Assembly 
7R030297 R e s i s t o j e t  Component Panel Support Assembly 
7R032247 RCS Support Bracket Assembly 
7R030284 Front/Rear S t ruc tu re  Assembly 
7R030285 Side S t ruc tu re  Assembly 
7R030286 Diagonal Support Assembly 
7R030287 Tank Support S t ruc tu re  Assembly 
7R030288 Lower P la t fo rm Assembly 
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Section A-2. This section contains all the drawings necessary for the assem- 
bly of the electrolysis module. The drawings are listed in 
Table A-2. 
Tab1 e A-2 
ET1 6-4302-7H MSFC Base1 i ne 
Cell Test Art 
7R032840 Electrolysis Module 
7 R032825 
7R032833 
7R032836 
7R032835 
7R032832 
7R032831 
7R032830 
7R032829 
7 R032 828 
Electrolysis Module Drawings 
Drawing for SSPTB Water Electrolysis System in 
cle Flow Schematic 
Assembly 
Schematic Space Station Test Bed Electrolysis 
Schematic Space Station Test Bed Electrolysis/Resistojet 
Electrolysis Control Panel Assembly 
Propellant Control Panel Assembly 
Clamp Accumulator Mount Assembly 
Accumulator Mount Assembly 
Pallet, Assembly of Space Station Test Bed 
HSD Canister Assembly 
Electrolysis Unit Canister Assembly 
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APPENDIX B 
Space S t a t i o n  Propuls ion Test Bed Test Summary 
A t o t a l  o f  186 t e s t s  w e r e  conducted w i t h  the space s t a t i o n  propu ls ion  t e s t  bed 
from October 1986 through March 1988. The t e s t s  evaluated the  t e s t  bed pro- 
pu l s ion  module ( i n c l u d i n g  the  gas accumulator sys tem) ,  t he  water e l e c t r o l y s i s  
system, t he  25- lb f  t h r u s t e r ,  and i g n i t i o n  system. Advanced i n j e c t o r  and i g n i -  
t i o n  sys tem designs were a l s o  tested.  The in teg ra ted  microprocessor computer 
c o n t r o l l e r  was used throughout t o  command, c o n t r o l ,  and moni tor  a l l  the  t e s t s .  
A s e r i e s  o f  preacceptance, acceptance, and sys tem eva lua t ion  t e s t s  w e r e  con- 
ducted on the  t e s t  bed. The preacceptance t e s t s  cons is ted o f  checkouts and 
v e r i  fi cat ions  o f  the  s y s t e m  hardware and software elements. Upon compl e t i o n  
o f  these t e s t s ,  the  sys tem l e v e l  acceptance t e s t s  were performed. T e s t s  001 
through 003, conducted i n  October 1986, were the  acceptance t e s t s  o f  the  t e s t  
bed p ropu ls ion  module and consis ted o f  blowdowns through the  engine i n l e t  
l i n e s  t o  s imu la te  f i r i n g  a t h r u s t e r  and r e s i s t o j e t .  
0 T e s t s  004 through 008 i n  December 1986 were the  f i r s t  t e s t s  o f  the  pro to type t h r u s t e r  on the  system. These inc luded blowdowns, i g n i t i o n ,  and t r a n s i t i o n  
t e s t s ,  and culminated w i t h  a 291 s sys tem du ra t i on  t e s t .  T e s t s  009 through 
024 cont inued through March 1987 and explored the  t h r u s t e r  opera t iona l  char- 
a c t e r i s t i c s  and i g n i t e r  var iab les .  This a l s o  inc luded a 5 s t h r u s t e r  f i r i n g  
( t e s t  023) c o n t r o l l e d  from a remote te rmina l  i n  C a l i f o r n i a  t o  demonstrate the  
f l  e x i  b i  1 i t y  and automation o f  t h e  computer c o n t r o l  l e d  system. 
T e s t s  025 through 028 i n  J u l y  1987 demonstrated the  a b i l i t y  o f  t he  s y s t e m  t o  
au tomat i ca l l y  produce the  p rope l l an ts  us ing  the  LSI low-pressure WEU. 
Dur ing August through October 1987 t e s t s  029 through 074 were conducted i n  
support  o f  development o f  a 25- lb f  t h r u s t e r  f o r  NASA-LeRC a t  a m ix tu re  r a t i o  
o f  8. 
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T e s t s  075 through 092 i n  October through December 1987 demonstrated the  capa- * b i l i t y  o f  the  HSD 1,000 p s i  WEU s y s t e m  t o  produce p r o p e l l a n t s  and f i r e  the t h r u s t e r  on the  p rope l l an ts  produced. 
Beginning i n  December 1987 and con t inu ing  through March 1988, t e s t s  093 
through 188 were  conducted i n  cont inued support o f  development o f  the 
25-1 b f  t h r u s t e r  f o r  NASA-LeRC and f o r  advanced i g n i t i o n  and i n j e c t o r  s y s t e m s .  
A summary o f  the  t e s t i n g  i s  contained i n  the f o l l o w i n g  tab le .  
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I Sect ion A-3. This sec t ion  conta ins the  t h r u s t  measurement s y s t e m  assembly 
drawi ng 7R034303. 
RI/RD89-104 
A-47 
A-91 
PRECEDiNG PAGE BLANK NOT FILMED 
